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Abstract
Development of field-effect transistors and their applications is advancing at a re-
lentless pace. Since the discovery of graphene, a single layer of carbon atoms, the
ability to isolate and fabricate devices on atomically thin materials has marked a
paradigm shift in the timeline of transistor technologies.
In this thesis, electrical and optical properties of atomically thin structures of
graphene and tungsten disulfide (WS2) are investigated. Transport in graphene
side-gated transistors and contact resistance at the metal-WS2 interface are pre-
sented. Finally, the optoelectronic performance of the hybrid graphene-WS2 devices
is examined.
Presently, atomically thin semiconductors grown by chemical vapour deposition
are of growing interest by a broad scientific community. For this work of thesis,
an air stable material which requires non-toxic gases for the growth such as WS2 is
selected. A considerable contact resistance at the metal/WS2 interface is found to
hamper the electrical performance of WS2 transistors. The possible origin of this
contact resistance is presented in this thesis.
The graphene field-effect transistors with graphene side gates are fabricated by
a single step of electron beam lithography and an O2 etching procedure. A com-
parative study of the electrical transport properties as a function of a bias applied
to the side and back gate is conducted. The side gates allow for a much more effi-
cient modulation of the charge density in the graphene channel owing to the larger
maximum electric field which can experimentally be accomplished. Furthermore,
the leakage between the side gate and the graphene channel is studied in a vacuum
environment. It is found that the transport between graphene and the side gate
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4is associated with Fowler-Nordheim tunnelling and Frenkel-Poole transport. More
specifically, for voltages less than 60 V, the Frenkel-Poole transport dominates the
transport, whereas the Fowler-Nordheim tunnelling governs the transport at higher
bias.
Finally, optoelectronic properties of graphene-WS2 heterostructure are explored.
An ionic polymer is used as a top gate to enhance the screening of long-lived trap
charges. Responsivities as large as 106 A/W under illumination with 600 nm wave-
length of light are demonstrated at room temperature. The fall and rise time are
in the order of milliseconds due to the screening of the traps by the ionic poly-
mer. This study is the first presentation of the transition metal dichalcogenide
(TMDC)-graphene hybrid heterostructure with such a high photoresponsivity and
fast response times.
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Chapter 1
Introduction
1.1 Problem statement and aims
There has been growing interest in fast, energy-efficient and cheap electronic de-
vices in the semiconductor industry since the discovery of the field-effect transistor
(FET). The integration of these devices in compact structures is essential to the de-
velopment of future electronics. Following Moore’s law, density of FETs is expected
to increase on a microprocessor chip as well as their performance reducing the node
size [1]. As the transistor size decreases down to the single atom device, the validity
of this law is questioned [2, 3]. Presently, the semiconductor industry is more fo-
cussed on finding novel applications for these nanodevices and production of them,
depending on what is desired for specific needs rather than supplying better chips
[3]. In order to improve these devices, novel materials with higher charge carrier
mobilities, high optical transparency and electrical conductivity are highly sought
for in combination with added functionalities such as mechanical flexibility and re-
silience to harsh environments. To this end, the emerging class of atomically thin
two-dimensional (2D) materials has been attracting wide interest by the scientific
community.
Graphene, which is the first experimentally isolated two-dimensional material,
is a single atomic layer of carbon atoms on a honeycomb lattice. Since the early
theoretical studies by P. Wallace in 1947 [4], it was commonly believed that free-
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standing graphene should not exist since long ranged crystalline order in 2D cannot
occur [5]. This scenario changed in 2004 when for the very first time graphene
was isolated and electrical measurements in a single atom thick transistor were
demonstrated by the team of Prof. A. Geim and K. Novoselov (Nobel Prize in
Physics, 2010) [6].
Graphene is a highly transparent and flexible material. The visible light absorp-
tion is 2.3% [7]. It can be stretched up to 20% before breaking [8] and it exhibits
record high values of charge carrier mobility at room temperature [9]. Low values
of contact resistance (∼ 100 Ω µm) have been demonstrated at the graphene/metal
interface, and its use in a wide range of research areas to include electronic, opto-
electronic, chemical, biological sensing and energy storage has been demonstrated
[10–14]. Even though, graphene has a unique gamut of properties, the lack of an
energy gap in the energy dispersion limits its usage in integrated circuits and opto-
electronics.
After the isolation of graphene, many other 2D materials have been discovered
and many are still waiting to be explored. Presently, transition metal dichalco-
genides (TMDCs) are attracting growing attention by the scientific community since
they can display metallic, superconducting and semiconducting properties. These
materials are compounds with the general formula MX2, where M is a transition
metal and X is an element of the chalcogen group. For example, dichalcogenides
with group V transition metals Nb and Ta show metallic and superconducting prop-
erties whereas Mo and W based TMDCs are usually semiconducting with a large
band gap [15, 16]. Similar to graphene, single atomic layers of these materials can
be obtained easily by mechanical cleavage method due to the weak van der Waals
forces between the layers. Semiconducting TMDCs have a large band gap which is
tunable with the number of layers making them suitable for optoelectronics, digital
electronics and energy harvesting applications [17–19].
However, the development of fast electronic and optoelectronic applications based
on TMDCs is presently facing several challenges. For example, the presence of a
large Schottky barrier at the metal/TMDC interface results in high contact resis-
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tance and reduces the performance of the device. Furthermore, trapped charges on
the substrate due to the random distribution of charged impurities at the interface
are also known to limit the values of charge carrier mobility [20]. The encapsula-
tion of these materials in an ionic polymer has been shown to improve the values
of mobility, though significant advances would truly require a better control of the
atomic defects present in the crystal structure of these materials [21, 22].
Recent advances in the research on 2D materials are showing that hybrid struc-
tures obtained by transferring different atomically thin materials onto each other can
display surprising properties, effectively overcoming some of the limitations of pure
graphene or TMDCs [23]. For example, by using graphene edge contacts on MoS2,
the contact resistance is lowered, and an ohmic contact is achieved rather than a
Schottky barrier [24]. Furthermore, hybrid structures of atomically thin materials
can be used in photodetector applications. In this case, the high charge carrier
mobility of graphene is combined with the presence of an energy gap in TMDC. A
photogenerated electron (hole) in the TMDC can be extracted in graphene where
it can recirculate many times before the hole (electron) left in the TMDC relaxes
[25, 26]. This gain mechanism can result in highly sensitive photodetectors.
1.2 Thesis outline
In chapter 2, the band structure of graphene will be introduced. The energy disper-
sion relation and the linear dispersion relation near the Dirac point will be defined.
The band structure of semiconducting TMDCs will be discussed. Three different
mechanisms of electrical transport in graphene-TMDC heterostructures will be de-
scribed. Photodetection mechanisms responsible for the photocurrent in graphene
and TMDCs will be discussed and the key parameters used in the optoelectronic
devices will be determined. The aim is to establish a background for the further
chapters.
In chapter 3, fabrication methods for graphene and WS2 will be discussed. Pat-
terning methods including laser beam writing and nano-beam lithography will be
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shown. Electrical and optical characterisation methods will be outlined. The opti-
cal setup used to characterise the optoelectronic properties of the two-dimensional
materials will be described. The methods outlined in this chapter are used in the
fabrication, characterisation and investigation of electrical and optoelectronic prop-
erties of the devices.
In chapter 4, fabrication of contact metals on WS2 with variable distances will
be demonstrated. The contact resistance of the chemical vapor deposition (CVD)
grown few-layer WS2 will be explained for two different measurements which are
performed at cryogenic and room temperature.
In chapter 5, transport properties of graphene will be introduced with a Si/SiO2
back gating and a graphene side gating effects. The back gate and the graphene side
gate will be compared using their normalised transconductance. The transport at
low and high voltage regimes will be interpreted with Fowler-Nordheim and Frenkel-
Poole transport.
In chapter 6, a hybrid graphene-WS2 device will be characterised electrically
and using Raman spectroscopy. An ionic polymer will be used to gate bias the
device. Optoelectronic properties of this heterostructure will be investigated us-
ing a scanning photocurrent microscopy and bulk illumination methods. The key
parameters and responsivity spectra of the photodetector will be demonstrated.
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Chapter 2
Theoretical background
2.1 Electronic structure of graphene
Graphene is an atomically thin layer of carbon atoms arranged in a hexagonal lattice
[1]. The electronic configuration of the carbon atoms is [He] 2s2 2p2, hence they
have four valence electrons in the outer shell. Each carbon atom is bonded to three
other carbon atoms leaving one electron free in the p orbital for each atom. The
2pz electrons form pi bonds, yielding the lower (bonding) and higher (anti-bonding)
energy bands of the graphene [2].
The lattice structure of graphene is characterised by two inequivalent atoms in
the unit cell, commonly labelled as A and B. The primitive vectors a1 and a2 are
a1 =
ac−c
2
(3,
√
3), a2 =
ac−c
2
(3,−
√
3) (2.1)
where ac−c ≈ 1.42 A˚ is the distance to the nearest carbon atom. The reciprocal
lattice vectors in the Bravais lattice are
b1 =
2pi
3ac−c
(1,
√
3), b2 =
2pi
3ac−c
(1,−
√
3). (2.2)
The three nearest-neighbour vectors for the A sublattice are given as
δ1 = ac−c(1, 0), δ2 =
ac−c
2
(−1,
√
3), δ3 =
ac−c
2
(−1,−
√
3). (2.3)
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Figure 2.1: (a) The hexagonal lattice structure of single layer graphene. The balls cor-
respond to the carbon atoms and the sticks are the σ bonds. a1 and a2 are the lattice unit
vectors, and δ1, δ2 and δ3 are the nearest-neighbour vectors. A and B are the sublattices
shown as green and blue. (b) Reciprocal lattice and the first Brillouin zone (hexagonal
area) with the Dirac points K and K’. Γ is the centre of Brillouin zone. b1 and b2 are the
primitive lattice vectors. M, M’ and M” are the three inequivalent crystallographic points.
2.1.1 Tight binding theory of graphene
The tight binding model is used to estimate the electronic energy dispersion of
graphene [3]. I am interested in describing the properties of itinerant electrons
which aid the flow of electric current and heat. The linear combination of atomic
orbitals is adopted to write an expression for the electron wave function in the crystal
using the wave functions of electrons on each of the two sublattices
ψ = c1Φ1 + c2Φ2. (2.4)
Since itinerant electrons are focused on, each sublattice wave function is written as
a Bloch sum
Φ1 =
1√
N
∑
RA
eikRAφ(r −RA), Φ2 = 1√
N
∑
RB
eikRBφ(r −RB). (2.5)
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where N is the number of unit cells in the lattice, the Bravais lattice vectors are
RA and RB; φ(r − RA) and φ(r − RB) are the atomic wave functions of the pz
orbitals. To calculate the expectation value of the nearest neighbour tight binding
Hamiltonian,
HAA = HBB = 〈Φ1|H|Φ1〉 (2.6)
and
HAB = H
∗
BA = 〈Φ1|H|Φ2〉. (2.7)
are calculated. From the orthogonality conditions
〈Φ1|Φ1〉 = 〈Φ2|Φ2〉 = 1, 〈Φ1|Φ2〉 = 〈Φ2|Φ1〉 = 0. (2.8)
The HAA and HAB Hamiltonians are calculated as
HAA =
1
N
∑
RARA′
eik(RA−RA′ )〈Φ1(r −RA′)|H|Φ1(r −RA)〉 = (2.9)
=
1
N
∑
RA=RA′
ε2p +
1
N
∑
RA=RA′±a
e±ika〈Φ1(r −RA′)|H|Φ1(r −RA)〉+ (2.10)
+ terms from RA = RA′ ± 2a and larger. (2.11)
Small terms coming from the next-neighbour contributions are ignored. Assuming
that the on-site energy of the A and B sublattice is the same and equal to ε2p, the
Hamiltonians are
HAA = HBB ≈ ε2p (2.12)
and
HAB =
1
N
∑
RBRA
eik(RB−RA)〈Φ1(r −RA)|H|Φ2(r −RB)〉 = (2.13)
=
t
N
∑
RBRA
eik(RB−RA) = tf(k) (2.14)
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where t = 〈ΦA(r −RA)|H|Φ(r −RB)〉,
f(k) =
3∑
i
eikRi = e
ikxa√
3 + 2e
−ikxa
2
√
3 cos(
kya
2
) (2.15)
and a is ac−c
√
3 = 2.46 A˚.
The overlap integral matrix SAA and SBB can be given as SAA = SBB = 0 and
SAB = SBA∗ = sf(k) where s = 〈ΦA(r−RA)|ΦB(r−RB)〉. Then, the Hamiltonian,
H and the overlap integral matrix S can be written as
H =
 ε2p tf(k)
tf(k)∗ ε2p
 , S =
 1 sf(k)
sf(k)∗ 1
 . (2.16)
From det(H − ES) = 0, one can find the eigenvalue Ek which gives the energy
dispersion relation
Ek =
ε2p ± tw(k)
1± sw(k) (2.17)
where ω(k) can be written as
ω(k) =
√
|f(k)|2 =
√
1 + 4cos(
√
3kxa
2
)cos(
kya
2
) + 4cos2(
kya
2
). (2.18)
The energy dispersion relation of graphene is plotted in Figure 2.2 using equation
2.17. Here, kx and ky are the components of the electron wave vector. t = -3 eV is
the hopping energy of an electron from atom to its nearest neighbour, s = 0.13 is the
nearest neighbour overlap integral, and ε2p is the on-site energy which is equivalent
for the A and B sublattices in pristine graphene and can be set equal to zero without
loss of generality [4]. A finite difference between the on-site energy of A and B would
result in the opening of energy band gap in the otherwise gapless energy dispersion
of graphene. In the energy dispersion, + sign in the numerator and denominator
corresponds to the valence band and pi bonding whereas − sign gives the conduction
band structure and pi∗ anti-bonding. K and K’ points of the Brillouin zone signify
points where the valence and the conduction band overlap giving the zero-band-gap
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property of graphene, see Figure 2.2a inset.
Figure 2.2: The band structure of monolayer graphene given by the nearest neighbour
tight-binding approximation. (a) 3D plot of the band structure, band structure becomes
linear in the vicinity of K point where the zoomed part is. Six points at E = 0 construct
the hexagonal structure of Brillouin zone. (b) A vector line is cut though from the band
structure as K → Γ → M → K’ showing the dispersion relation at these points.
At the K point of the Brillouin zone, f(k) falls to zero due to the zero-band
gap structure. A linear dispersion relation can be obtained in this part of the band
structure. The Taylor expansion can be applied on f(k) in order to find the dispersion
relation close to the Dirac point [5]. Therefore,
f(k) = f(k0) + (x− x0) df
dx
+ (y − y0)df
dy
+ ... (2.19)
with
df
dkx
= eikxa/
√
2 + 2e−ikxa/2
√
3cos(
kya
2
),
df
dky
= −ae−ikxa/2
√
3sin(
kya
2
). (2.20)
f(k) = f(k0) + (x− x0)(eikxa/
√
2 + 2e−ikxa/2
√
3cos(
kya
2
))+ (2.21)
+ (y − y0)(−ae−ikxa/2
√
3sin(
kya
2
)) + ... (2.22)
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The position of K can be taken as
K = (0,
4pi
3
√
3ac−c
) which is K = (0,−4pi
3a
) and K ′ = (0,
4pi
3a
).
(2.23)
For K and K’ , f(k) can be written as
f(k) ≈ 3a
2
√
3
(ikx ∓ ky). (2.24)
and
HK,K′ =
3at
2
√
3
 0 ikx ∓ ky
−ikx ∓ ky 0
 . (2.25)
Solving the equation det(H − EI) = 0 where I is an identity matrix and s = 0
around E = ε2p,
Ek = ± 3at
2
√
3
√
k2x + k
2
y (2.26)
and
Ek = ±υF |k| (2.27)
where the Fermi velocity, υF = 10
6 m/s, is the electron velocity at the K-points.
This linear dispersion relation is governed by electrons known as massless Dirac
fermions [6]. This approximation is only valid for energies much smaller than the
nearest neighbour hopping energy.
2.2 Transition metal dichalcogenides (TMDCs)
Graphene is not the only two-dimensional material in nature. Transition metal
dichalcogenides are also atomically thin and they possess very different properties
compared to graphene [7, 8]. Their chemical formula is MX2 where M is a transition
metal atom from the group IV, V or VI of the periodic table of elements. X is a
chalcogen atom such as sulphur (S), selenium (Se) and tellurium (Te) atoms. M
is sandwiched between two X atoms and bonded with a covalent bond forming X-
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M-X structure, see Figure 2.3a. They contain trigonal-prismatic and octahedral
molecular geometry [9].
Similarly to graphene, stacked layers of TMDCs are held together with van der
Waals forces and can be isolated easily by mechanical exfoliation or obtained by
chemical growth methods, see Chapter 3. They can hold metallic, semiconducting
and superconducting properties. Additionally, they have high stable, non-reactive
surface due to the absence of dangling bonds and high thermal stability [7, 10].
MoS2 and WS2 are the most studied semiconducting TMDCs due to their sta-
bility in air and the absence of dangling bonds on their surface. They have many
applications in industrial dry and solid film lubricant and surface protection [11].
MoS2 and WS2 have trigonal-prismatic and octahedral crystal structure [12]. For
semiconducting WS2, the vertical distance between tungsten atoms is 6.07 A˚, and
the distance between S atoms is 3.18 A˚, see Figure 2.3b [13].
These TMDCs have hexagonal (2H), tetragonal (1T) or rhombohedral (3R) sym-
metry repetition of two layers, one layer and three layers per unit respectively [14].
2H and 3R symmetric MoS2 and WS2 show semiconducting behaviour, however,
crystals with 1T symmetry are metallic.
Figure 2.3: (a) AB stacked bilayer WS2, tungsten atoms are sandwiched between sulphur
atoms. (b) Top view of the WS2, the shaded area with dashed lines represents the primitive
unit cell.
The band gaps of bulk 2H geometries of MoS2 and WS2 are indirect. Unlike
graphene, the energy dispersion of TMDCs presents a direct energy gap at the K
point of the Brillouin zone. For bulk WS2, the indirect band gap occurs between
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the valence band peak at the Γ point of the Brillouin zone and conduction band
between K and Γ points on the conduction band, see Figure 2.4a.
Perpendicular quantum confinement, hybridisation of pz orbitals on S atoms and
d orbitals of Mo or W atoms cause a change in the band structure with the number
of layers [14–16]. Strongly localised d orbitals dominate the conduction band states
at the K point [16]. States near the Γ point originate from the linear combination of
d orbitals on Mo atoms and anti-bonding of pz orbitals on S atoms which have high
interlayer coupling and contribute to the formation of the indirect band gap from the
monolayer to multilayer MoS2 [10, 16, 17]. Upon decreasing the number of layers,
the energies corresponding to the anti-bonding states, Γ, are reduced resulting in a
large direct band gap in the monolayers [17]. The minimum point of the conduction
band approaches the K point with decreasing thickness, see Figure 2.4a and b.
Finally, the direct band gap becomes smaller than the indirect band gap situated at
the K point with a band gap of 2.1 eV in WS2 [18]. The large band gap provides
opportunities to study optoelectronic properties of these materials in the visible and
infrared region of the electromagnetic spectrum, see Chapter 6.
MoS2 and WS2 have strong spin-orbit interaction, and their inversion symmetry
is broken for odd-numbered atomic layers, see Figure 2.5b. The two sublattices are
occupied by two sulphur atoms and a molybdenum or a tungsten atom [20]. Spin-up
and spin-down states are degenerate at K and K’ points on the conduction band [21].
These degenerate states are separated by a spin-orbit splitting on the valence band
resulting in a gap between spin-up and -down states due to the strong spin-orbit
coupling from the d-orbital of the metal atom and interlayer hopping in multilayer
(even number of layers) TMDCs, see Figure 2.5a [22, 23]. Size and effective mass
difference between TMDCs cause various spin-orbit splitting [24, 25]. It is ∼ 0.16
eV and ∼ 0.4 eV for MoS2 and WS2 respectively [20, 22, 24]. Because of the spin-
orbit splitting, the lower valence band transitions can be observed in the optical
measurements [22, 23].
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Figure 2.4: (a) Band structure of bulk WS2 and (b) band structure of monolayer WS2,
adapted from [18] where the Hartree energy, 1Eh = 27.2 eV [19]. Red horizontal dashed
lines are the Fermi level. The indirect and the direct band gaps are shown with arrows.
The green line represents the conduction band minimum whereas the blue line indicates
the valence band maximum.
Figure 2.5: (a) Ab initio calculated band structure of monolayer WS2, the splitting of the
valence band is 0.43 eV, adapted from [22]. (b) Trigonal prismatic structure of monolayer
WS2 with broken immersion symmetry, adapted from [21].
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2.3 Graphene-semiconducting TMDC
heterostructures
Graphene has attracted enormous interest by a wide scientific community due to
an unprecedented combination of properties including record-high room tempera-
ture charge carrier mobility, extreme mechanical flexibility and optical transparency
[26–29]. However, this carbon material suffers from the lack of a band gap and there-
fore, it is not suitable for semiconductor technology [7]. On the other hand, atom-
ically thin TMDCs have an energy gap. The development of real life applications
based on the semiconducting properties of TMDCs faces multiple challenges, such
as a low charge carrier mobility and high contact resistance at the metal/TMDCs
interface. Hybrid structures of graphene and TMDCs can overcome some of the
aforementioned limitations leading to a new generation of opto-electronic devices,
see Figure 2.6 [30, 31]. In this thesis, the optical properties of WS2 and the outstand-
ing electrical properties of graphene are explored to pioneer a new class of highly
efficient photodetectors. It is also shown that TMDCs can act as a tunnel barrier
assisting tunnelling field-effect transistors and a Schottky barrier can be established
at the junction [32–34].
The electron affinity of MoS2 and graphene is given in Figure 2.7a along with the
work function of highly p-doped Si. When MoS2 and graphene are brought together,
a built-in electric field occurs in the depletion region due to the accumulation of
electrons from the semiconductor to the semi-metal. The Fermi levels subsequently
align, establishing a potential barrier (φb) in the depletion region called a Schottky
barrier, see Figure 2.7b. If the Si gate is biased positively, the barrier is reduced
inducing the electrons to the graphene and decreasing its Fermi level, see Figure
2.7c. On the other hand, under a negative gate bias, the Schottky barrier raises
inducing holes to the graphene and the Fermi level is increased, see Figure 2.7d.
In structures such as MoS2-graphene-MoS2, the injection of electrons into graphene
reduces the Schottky barrier between MoS2 and graphene, increasing the Fermi level.
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Figure 2.6: Van der Waals heterostructures: Atomically thin materials can be con-
structed as Lego blocks, adapted from [35].
The current passing through the channel can be adjusted by the gate bias [36]. The
energy barrier existing between MoS2 and graphene at low and large gate biases is
given as ψR1 and ψR2 respectively, see Figure 2.8a and b.
Finally, a semiconducting TMDC can be used as a tunnelling barrier between two
graphene layers [33], see Figure 2.9. In these structures, the tunnel barrier between
the graphene layers increases as the gate bias is switched down to a negative voltage.
On the contrary, a positive gate bias shifts the Fermi level into the conduction band
which might turn on the semiconductor TMDC resulting in ON state currents.
Charge carriers can penetrate to the top of the graphene due to the weak screening
of the monolayer graphene and high electric field from the gate electrode [33].
Other combinations of two-dimensional materials are possible and it is presently
inspiring a wide breadth of research including integrated circuits [37], memory cells
[38], tunnelling field-effect transistors [33, 39].
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Figure 2.7: The energy band alignments of a graphene-MoS2 heterojunction and MoS2-
graphene-MoS2. (a) Energy band diagram of Si/SiO2/MoS2/graphene. (b) Band bending
in MoS2 nearby the contact at zero gate bias, Vg = 0, (c) energy-band diagram with a
positive gate bias (d) and a negative gate bias, adapted from [36].
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Figure 2.8: (a) Energy-band diagram for a MoS2-graphene-MoS2 heterostructure under
a small gate voltage, Vg1 and (b) a large gate bias, Vg2, adapted from [36].
Figure 2.9: Schematic of a graphene-WS2-graphene heterostructure device, grt and grb
are the top and bottom graphene layers respectively, adapted from [32].
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2.4 Photocurrent generation and mechanisms in
two-dimensional materials
2.4.1 Absorption of a photon
When a material is illuminated by a light source, absorption, transmission or reflec-
tion might occur. Photodetection mechanisms in semiconductors are dependent on
the absorption process. An incoming photon with an energy higher than the energy
band gap of the semiconductor (Eph > Ebg) transmits its energy to an electron in the
valence band. In a direct band gap semiconductor, this interband transition process
occurs as the electron is excited to the empty states in the conduction band, and a
hole or unoccupied state is left in the valence band, see Figure 2.10a. In this case,
no momentum is needed to excite an electron to the upper bands. In an indirect
band gap semiconductor, the minimum of the conduction band and the valence band
maximum are at the different momentum zones. Therefore, the excited electron not
only requires an incoming photon of energy higher than the band gap but it also
requires a sufficient input of momentum to enable the indirect transition, see Figure
2.10b [40]. This process can be assisted by phonon absorption from the lattice of
the semiconductor.
The formation of an electron-hole (e-h) pair upon absorption of a photon is one of
the possible light-matter interaction processes. In this case, the Coulomb interaction
between the excited electron and the hole in the valence band can attract the two
charges forming an e-h pair known as an exciton. Strong excitonic effects occur
in the absorption of TMDCs and they play an important role in TMDC based
photodetectors, see Chapter 6.
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Figure 2.10: Interband photon absorption transitions in semiconductors: (a) direct band
gap and (b) indirect band gap. The vertical line represents photon absorption in the band
gap, the wiggly orange arrow represents phonon absorption processes for the indirect band
gap. Ebg is the band gap of the semiconductor, Eph is the photon energy and q is the
electron momentum required to reach the indirect band gap.
2.4.2 Key points in photodetectors
Photoresponsivity
Upon absorption of a photon, the photogenerated carriers at energies higher than
the band gap of a semiconductor can contribute towards conduction, changing the
conductance of a device. Experimentally, the contribution due to the photogenerated
carriers is defined as the photocurrent (Iph)
Iph = Iillumination − Idark (2.28)
where Iillumination is the current due to the photon illumination and Idark is the
current in the dark condition.
The photoresponsivity is given as photocurrent generated per unit of incident
optical power. This is one of the main parameters widely used to characterise the
performance of photodetectors. The photoresponsivity (A/W) and voltage respon-
sivity (V/W) are
RI =
Iph
Popt
and RV =
Vph
Popt
(2.29)
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where Popt is the total optical power and Vph is the photoinduced voltage.
Spectral responsivity
In general, the photoresponsivity is a parameter which depends on the wavelength of
the light shone onto the material of choice. The spectral range of a photodetector is
limited by the excitation energy of the photons, the band gap and the defect states
of the semiconductor. The spectral responsivity of a photodetector is defined by
measuring the photocurrent or photovoltage responsivity at different wavelengths
which can be written as
R(λ) =
Iph(λ)
Popt(λ)
(2.30)
where Iph(λ) is the photocurrent, Popt(λ) is the optical power at a given wave-
length and λ is the excitation wavelength. The spectral responsivity can provide
information about the photon-semiconductor interaction. For example, the spectral
responsivity of graphene and TMDC devices on a Si/SiO2 substrate can strongly
depend on the absorption spectrum of the device due to the thickness of the oxide
layer and reflections between Si and SiO2 [41]. As a result of this, energies of defect
states, excitonic interactions and band gap of a semiconductor can be studied.
External quantum efficiency
The external quantum efficiency (EQE) is the number of charge carriers which con-
tribute towards photocurrent generation per total number of incident photons. The
EQE can be written as
EQE =
ne
ntotalphoton
=
Iph/e
Popt/hν
= RI
hc
eλ
(2.31)
where e is the charge of the electron, h is the Plank constant, c is the speed of light,
ν is the frequency of incident light and λ is the photon wavelength [42].
The EQE is usually in the range of 0 to 100%. However, internal effects can
result in an EQE exceeding 100%. For example, if one charge type (e.g. hole) is
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trapped, it is in some cases feasible to let the other charge type (electron) travel
multiple times through the device. If the trapped charge lifetime is much longer
than the transit time of the free carriers, a net gain is observed [43]. This can result
in EQE values as high as 106%, see Chapter 6.
Internal quantum efficiency
Similar to the EQE, the internal quantum efficiency (IQE) can be given as the
ratio between the number of measured photogenerated charge carriers (ne) and the
number of absorbed photons (nabs) which is
IQE =
ne
nabs
. (2.32)
This can be rewritten as
IQE =
Iph
eφabs
(2.33)
where Iph is the photocurrent, e is the electron charge and φabs is the number of
absorbed photons. The IQE depends on photocurrent generation mechanism and
the absorption coefficient. The number of absorbed photons can be determined by
the difference between the total number of incident photons and photon losses in
transmission and reflection processes.
Response time
The response time defines how fast a photodetector responses to the illumination.
The rise (fall) time is the response time when the light is turned on (off). 10% offset
time is usually given when the response time is measured for both fall and rise times.
A photodetector requires fast response times in order to be used in optoelectronic
applications such as high-speed integrated data communication systems and video-
rate imaging [44].
46 CHAPTER 2. THEORETICAL BACKGROUND
Bandwidth
The bandwidth of a photodetector is defined by the light modulation frequency
difference between the lowest and the highest cutoff frequencies. -3 dB bandwidth is
given by the frequency where the square of the output electrical power of the device
drop by 50% of its maximum value, R2(f−3dB) = R2(0)/2 [45]. -3 dB frequency can
be calculated as
f−3dB =
0.35
τ
(2.34)
where τ is the rise time of the device [45]. 0.35 fraction is due to the 10% offset of
the response time and RC circuit shape bandwidth. This corresponds to the point
where the photocurrent is reduced by a factor of
√
2.
Noise-equivalent power (NEP)
The noise-equivalent power is the minimum detectable illumination power, a pho-
todetector can resolve. This can also be defined as the optical power signal which
produces a signal-to-noise ratio 1 at 1 Hz bandwidth. The NEP corresponds to the
sensitivity of the photodetector which is given in W/
√
Hz. It can be calculated as
NEP =
Pmin√
BW
(2.35)
where Pmin is the minimum detectable power or the power corresponds to a signal-
to-noise ratio equal to 1 and BW is the measured bandwidth. NEP is the minimum
limit of the detector sensitivity.
Detectivity
The detectivity is the active area (A) on which the NEP has an effect on, and it is
given by
D∗ =
√
A
NEP
. (2.36)
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If the NEP is defined independently from the bandwidth, then the detectivity can
be written as
D∗ =
√
A ∗BW
NEP
(2.37)
where A is the active area and BW is the bandwidth of the photodetector. The
detectivity is measured in cm
√
Hz W−1 = 1 Jones. The different photoactive areas
can be compared with this parameter.
2.4.3 Photocurrent generation mechanisms
In this section, the photocurrent generation mechanisms in graphene and semicon-
ducting TMDCs will be discussed. Photogeneration of charge carriers in these de-
vices is dominated by photoconductive effect, photovoltaic effect, photo-thermoelectric
effect and bolometric effect which will be defined in this thesis.
Photoconductive effect
Photons which have higher energy than the band gap of a semiconductor can be
absorbed and generate free carriers in the conduction (electrons) and/or valence
(holes) bands. In the presence of charge trap states, one of the two photoexcited
type of charges can be localised while the other remains delocalised in the energy
band (valence or conduction). Upon applying an external source-drain bias, the
photoexcited carrier which is in the conduction (valence) band assists the flow of
the electrical current in the material.
In photogating effect, a light-induced change in carrier density of graphene gov-
erns the photogeneration [42]. An electron-hole pair is generated in graphene or in
a semiconductor in the vicinity of the graphene. One of the two charges is trapped
in charge traps, molecules or in the conduction or the valence band of the semicon-
ductor [46]. The other charge circulates between the source and drain under a gate
bias [42, 47].
In photoconductive and photogating effect, an increase in conductivity of the
semiconductor or graphene upon illumination is measured. If the relaxation time
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of the photoexcited carrier in the charge trap state is much longer than the transit
time of the free carrier, it is possible to recirculate the free carrier multiple times.
This gain mechanism can increase the values of the EQE to well above 100%. The
photoconductive gain can be expressed as
G =
τcarrier
τtransit
=
τcarrierµVsd
L2
(2.38)
where τcarrier is the lifetime of a trapped charge or the lifetime of photoexcited
carriers, τtransit is carrier drift time to the electrodes, µ is the mobility of the semi-
conductor, Vsd is the external bias to drift carriers between two electrodes and L is
the distance between electrodes [48]. Large τcarrier can increase the gain, however,
it reduces the response time and bandwidth due to slow recombination times which
prevents these devices from being used in video imaging applications [42, 48].
Figure 2.11: (a) Band alignment between metals (M) and a semiconductor with an
external Vsd source-drain bias before illumination and (b) under illumination, adapted
from [49]. Idark and Iphoto are the dark current and photocurrent with the addition of dark
current. EF is the Fermi level. (c) Gate sweep of the single-layer MoS2 photodetector under
8 V source-drain bias, adapted from [50]. The black curve represents the dark current and
the green line is the current under illumination (Iphoto). The semiconductor stays in the
OFF state up to 22 V. However, the laser illumination turns the device on at lower currents
and increases the current in the circuit [50].
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Photovoltaic effect
Unlike the photoconductive effect, the photovoltaic effect is based on the built-in
electric field in the photodetector which sets apart the electron-hole pairs in opposite
directions where the electrodes are located. There is no external bias required, so the
dark current can be minimised. This built-in electric field can either be generated
by a p-n junction or a Schottky barrier. A large depletion region occurs between
the Fermi levels in the p-n junction or a semiconductor and metal which boosts the
built-in electric field. The built-in field transmits the electron-hole pairs to each
end of the channel, see Figure 2.12a. Reverse bias can be applied to increase the
depletion region, see Figure 2.12b. With an illumination under the reverse bias,
large built-in field reduces the carrier drift time.
In general, the inorganic semiconductor photodiodes show exponential I - V,
source-drain curve depending on Isd ∼ exp(Vsd)−Idark where Isd and Vsd the source-
drain current and voltage, and Idark is the dark current at reverse bias, see Figure
2.12b.
Due to the semi-metallic nature of graphene, the photovoltaic effect manifests
itself differently than in the case of conventional semiconductor p-n junctions. Gra-
dients in electrochemical potential may be generated at the lateral interfaces of
graphene regions which are electrostatically or chemically doped to differing ex-
tents. Figure 2.12c and d show the photocurrent generated by the photovoltaic
effect with modulation of the Fermi level in a graphene transistor with a split gate
structure. The photocurrent can be written as IPV ∝ (tan−1(µ1)−tan−1(µ2)) where
µ1 and µ2 are the chemical potentials of the two independently gated regions [51].
If the gate voltage of either region is independently swept, a map can be produced
detailing the photocurrent generated as a function of chemical potential either side
of the lateral interface. The maximum photocurrent is produced when µ1 and µ2
have opposite signs which establishes a p-n junction [51].
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Figure 2.12: (a) Representation of the photovoltaic effect, adapted from [42]. The conic
shapes show n and p-type graphene. Open and closed circles represent hole and electron
separation due to the electric field. (b) I - V plot of an inorganic semiconductor photodiode
representing exp(Vsd)− Idark. (c) Theoretical model of the photocurrent produced due to
the photovoltaic effect as a function of the chemical potential on one side of a dual-gated
graphene junction, adapted from [51]. (d) Photocurrent produced by the photovoltaic
effect as a function of the chemical potential either side of a dual-gated monolayer graphene
junction obtained from theoretical calculation, adapted from [51].
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Photo-thermoelectric effect
Another phenomenon leading to the generation of free charge carriers upon illumina-
tion is the photo-thermoelectric effect. In this case, the light shone onto the sample
can lead to heating. If the device is formed by materials with different thermal
conductivity, it is possible to attain steep temperature gradients. Hence, through
the Seebeck effect, a voltage difference is generated upon attaining a temperature
difference. At the interface between two regions of graphene with different Seebeck
coefficient (S) the generated photo-thermal voltage is given by
VPTE = (S1 − S2)∆T (2.39)
where ∆T is the difference between average electron temperature in the lattice and
the lattice temperature.
In a non-interacting model, the Seebeck coefficient is a function of the density
of states of the different materials as expressed by the Mott relation [52]
S = −pi
2k2BT
3|e|
dG
GdVg
dVg
dE
∣∣∣
E=EF
(2.40)
where G is the electrical conductivity, e is the electron charge, kB is the Boltzmann
constant and E is the energy of the system [53]. For graphene, dVg
dE
is evaluated at
the Fermi energy which is Ef = ~νF (pin)1/2 where ~ is the Plank constant, νF is the
Fermi velocity and n is the charge density [54, 55].
In graphene, the photo-thermoelectric effect plays a dominant role due to absence
of energy gap and the small enough Fermi surface which freezes out optical phonons
and high energy acoustic phonons [56]. Electrons are excited from the valence band
to the conduction band and they quickly relax back to the Fermi level forming a hot
Fermion gas [55, 57]. The photoactive interface is formed due to the difference in
density of states of regions with different doping levels. Between single and bilayer
junction of the graphene, the hot carriers diffuse into the bilayer due to its larger
density of states and the temperature gradient between these two materials [55].
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A junction between a metal and a semiconductor can drive photocurrent due
to the difference between Seebeck coefficients. The metal has much lower Seebeck
coefficient than semiconductors. Therefore, generated photocurrent can be written
as
∆VPTE = Ssc.∆T (2.41)
where Ssc is the Seebeck coefficient of the semiconductor. The photocurrent only
depends on the Seebeck coefficient of the semiconductor here. This scenario has been
experimentally demonstrated at the interface of pristine/heavily doped graphene
[57].
Figure 2.13: (a) Schematic representation of the photo-thermoelectric effect, adapted
from [42]. Temperature distribution on the surface is shown as red area and ∆T is the
elevation of the electron temperature on the lattice. S1 and S2 are Seebeck coefficients of
two regions. (b) Scanning photocurrent microscopy map of graphene with a top gate (red
dashed line), adapted from [58]. Green dashed lines represent source and drain contacts.
The photocurrent increases close to the contacts due to the charge carrier separation with
band bending and the local electric field close to metal/graphene interfaces [55, 59]. Due
to the lack of strong fields in the middle of the device, the photocurrent is not generated
and electron-hole pairs can recombine [59]. A slight change in the doping from p to n-type
produces a difference in the Seebeck coefficients resulting in high photocurrent [58, 59].
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Bolometric effect
The bolometric effect is based on the change in the conductivity of a material due to
homogeneous heating on the surface induced by photon absorption [42, 47, 49]. The
bolometric effect is proportional to the change in the conductance of the material
with the temperature. This effect can be determined by a measurement of the tem-
perature dependence of the transport current [60]. The bolometric effect coefficient
is
β =
∆I
∆T
(2.42)
where ∆I is the change in the current and ∆T is the change in the temperature
[60]. This effect has also been seen in graphene photodetectors [60, 61].
Figure 2.14: Schematic diagram of the bolometric effect, adapted from [42]. S and D
represent the source and the drain electrodes. The red shaded area is the distribution of
temperature and ∆T is the temperature gradient across the channel. ∆R is the difference
in the resistance between source and drain.
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Chapter 3
Methods and fabrication
3.1 Introduction
The fabrication of two-dimensional devices often requires high-end nano-fabrication
facilities under clean room conditions, where there is a reduced number of dust
particles in the air. However, for some 2D materials, a vacuum or inert gas en-
vironment is needed to avoid any oxidation on their surface. The fabrication and
characterisation methods discussed in this section include graphene exfoliation, fab-
rication of electrical contacts, electrical transport and optoelectronic measurements
of atomically thin materials.
3.2 Fabrication of devices based on two-dimensional
materials
3.2.1 Mechanical exfoliation
Bulk TMDCs and graphite are formed by atomic layers weakly coupled by van der
Waals forces. These interactions can be broken with a force which can be applied
with an adhesive tape.
In this fabrication, a Si/SiO2 wafer (sourced by IDB Technologies) is used as
a substrate. The Si has industry grade <100> crystal orientation which is highly
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p-doped with boron and has a thickness of 525 µm. This has 290 nm of thermally
grown SiO2, which serves as a back gate dielectric layer. The substrate is cleaned
with ultrasound treatment in deionized (DI) water, acetone and isopropyl alcohol
(IPA) solvents. Then, the SiO2 surface is exposed to oxygen plasma to remove any
organic contamination. After that, it is heated on a hot plate up to ∼ 80°C. A
bulk graphite crystal is picked up and placed onto a blue adhesive tape, see Figure
3.1a. The crystal is thinned down by peeling off with the tape until a uniform grey
surface area of about 1 cm2 is attained, see Figure 3.1b. Subsequently, mechanical
transfer of the exfoliated flakes is completed by pressing the cleaned substrate onto
the grey area of the tape, see Figure 3.1c. The sample is then placed in acetone for
5 minutes to remove any residues of tape and loosely attached flakes before dipping
in IPA to remove the acetone and any other organic residues, then drying with N2
gas. Graphene flakes down to 1 µm size can be identified by 50x objective of the
optical microscope, shown as Figure 3.2a. With optical contrast measurements, the
number of flakes can be quantified, see Section 3.3.1.
3.2.2 Chemical vapor deposition of graphene
Chemical vapor deposition (CVD) is a material growth technique usually involving
the reaction with chemical gases in a hot furnace on the surface of a substrate
material. CVD can be used to fabricate large areas of high-quality graphene of the
order of tens of cm (wafer size). This growth process involves exposing a copper
foil to a mixture of hydrogen and methane at around 1000°C. During the reaction,
methane is adsorbed on the copper, which acts as a catalyst and as a substrate for
its disassociation into carbon and hydrogen. The hydrogen then desorbs from the
metal, leaving carbon nucleates. The reaction is summarised by [1]
CH4 + 5Cu Surface −−→←−− Graphene + 2H2. (3.1)
Hot chamber CVD graphene growth can take more than 100 minutes which
consumes large amount of gas, time and energy, increasing cost of the process.
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Figure 3.1: Graphene exfoliation involves placing bulk graphite onto a piece of blue tape
(a), which is then peeled several times to form a thin graphite (b) before placing a warm
Si/SiO2 substrate onto the thin flakes (c).
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However, Cold Wall CVD technique does not require long time gas exposures [2].
In these systems, rapid local heating of the stage can take place in a few minutes,
making the system ready for growth in such a short time scale. In this thesis, I use
CVD grown graphene with a commercial cold wall system (Moorfield nanoCVD-8G)
which employs a resistive heating stage, a programmable gas flow and a temperature
control. In most systems, the graphene on copper foil occurs in four stages: ramping
up, annealing, growth and cooling [2]. First, the resistive stage is heated to 1035°C
at a rate of 5.75°C/s, then copper foil is annealed for 10 minutes with a constant H2
gas flow. Figure 3.2b shows a colour change on the copper foil before and after the
growth which is due to the surface cleaning during the annealing. After that, the
temperature is dropped down to 1000°C and a flow of 77.8% CH4 and 22.2% H2 are
introduced for 40 seconds. Then, the growth is started with increasing the flow rate
of CH4 to 94.6% and reducing H2 to 5.4%. The stage is subsequently cooled down
to room temperature. This whole process takes about 23 minutes and it produces
high quality graphene at low cost of cm2 surface area [2].
3.2.3 Wet transfer method of graphene
Graphene grown on copper can be transferred to the desired substrate using standard
wet transfer technique [3, 4]. Graphene growth occurs on both sides of the copper
foil. Upper side of the copper is spin coated with poly-methyl methacrylate (PMMA)
to protect the graphene layer. Then, the graphene grown on the other side is etched
with an argon plasma. Using an FeCl3 solution, also the copper foil is etched, and
PMMA/graphene is left afloat on the solution with the PMMA facing upwards.
The PMMA/graphene is transferred to DI water to remove residues of FeCl3 and
subsequently scooped with a substrate, and left to dry for a day. After baking on a
hot plate at 130°C for 15 minutes to let the graphene stick and remove any water
residues, the PMMA is removed with acetone, rinsed in IPA, and dried with a N2
gas. Graphene covering half of SiO2 is shown in Figure 3.2c.
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3.2.4 CVD of WS2
Atomically thin layer of WS2 reaching 30 µm sizes can be grown by CVD. One
method is to deposit a thin layer of WO3 onto Si/SiO2 substrate and then expose
to a high concentration of sulphur gas. Alternatively, WO3 powder is placed in a
crucible or on a separate substrate facing the target Si/SiO2. In order to sulfurize
the WO3, a sulphur powder is placed upstream in the furnace. Using argon or
nitrogen as a carrier gas at high temperature (∼ 800°C), thin layer of WS2 flakes
are grown, shown in Figure 3.2d [5, 6].
WS2 forms as [7]
7S + 2WO3 −−→ 2WS2 + 3SO2. (3.2)
A triangular shape comes from the non-uniform growth ratio of W and S along
the substrate surface. This depends on the growing rate of the different domain
edges. If the domain edges grow equally, the shape of the flake becomes hexagonal
[8]. Otherwise, S or W terminations grow faster, and this results in triangular flake
shapes [8].
3.2.5 Dry TMDC transfer
CVD grown WS2 on SiO2/Si can be transferred to a different target substrate by
means of a dry transfer technique. First, 4-5 drops of 495K PMMA are dropped on
the substrate where the density of WS2 flakes is high, see Figure 3.3a and b. It is left
to dry for a day, and PMMA becomes thick and flexible on the SiO2 surface, shown
as Figure 3.3c. Edges of the dry PMMA are lifted with the help of a scalpel under a
long working distance microscope. Small droplets of water are applied on the edges
which lift the PMMA and flakes from the surface (Figure 3.3d). The PMMA with
flakes can be easily transferred to the desired surface, see Figure 3.3e . PMMA is
slightly melted on the transferred sample by heating to ∼ 165°C, and it is removed
with anisole and acetone solvents (Figure 3.3f). In this process, only PMMA is used
as a stamp which can be removed easily with acetone.
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Figure 3.2: (a) Exfoliated graphene on SiO2, (b) CVD graphene grown on copper (left)
and copper foil before the growth (right), (c) CVD graphene on SiO2 and (d) dark field
microscopy image of CVD grown WS2 (bright blue coloured triangles) on SiO2.
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Figure 3.3: Dry transfer technique of CVD grown TMDC: (a) CVD grown TMDCs,
(b) drop-cast of PMMA, (c) PMMA after it is left drying for a day, (d) removing of
jelly-flexible PMMA, (e) PMMA put on a new substrate, and (f) removal of PMMA with
solvents.
3.2.6 Laser beam writer
After obtaining two-dimensional materials on Si/SiO2 substrate, they can be pat-
terned with a lithography tool. Laser beam writer is an optical method to pattern
desired shapes on substrates. Resolution of the lithography method can go down
to 200 nm. A beam size ranging from 0.6 µm to 5 µm is used to write large area
patterns.
In order to fabricate the contacts, first, ∼ 200 nm polymethylglumarimide (PMGI)
is spin-coated as a sacrificial layer. This resist layer protects the sample from the
photoresist which might contaminate the flakes. PMGI is baked at 160°C for 10
minutes to remove any solvents. Then, a thin layer photoresist S1813 (Rohm and
Haas Electronic Materials) is spin-coated at 7000 rpm, this gives 900 nm thickness,
see Figure 3.4a. It is baked again 10 minutes at 160°C. A 405 nm laser beam is
rastered on the sample to directly write the patterns, shown as Figure 3.4b. The
photoresist is developed for 35 seconds in MF319 (Microposit, 2-3% tetramethylam-
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monium hydroxide in water), then dipped into deionized water (Figure 3.4c). Cr/Au
contacts are evaporated and they are lifted-off in acetone, see Figure 3.4d and e.
The bottom PMGI layer is removed with MF319, Figure 3.4f shows the cross-section
schematic of the sample after the fabrication.
Figure 3.4: (a) Deposited PMGI and photoresist on the substrate with graphene flakes,
(b) 405 nm laser beam exposure, (c) developing with MF319, (d) deposition of Cr/Au, (e)
lift-off of photoresist with acetone, (f) cleaning of remaining PMGI with MF319.
3.2.7 Electron beam lithography (EBL)
A beam of focused electrons is used to change the chemical bonds in polymers
covering semiconducting substrates. For the work presented in this thesis, I use
PMMA to pattern metallic contacts. For this positive resist, the electron beam
breaks the bonds of the resist and in the development the exposed PMMA areas are
removed.
EBL is used to pattern electronic contacts on graphene and TMDCs. First, 375
nm of 950K PMMA is spin-coated onto the sample as the polymer resist before being
baked for 1-10 minutes at 160°C to evaporate the anisole solvent, see Figure 3.5b.
Electron beam at 80 kV and 5 nA beam current is scanned on pre-defined areas,
shown as Figure 3.5d. Previously deposited alignment marks on the surface of SiO2
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with similar method help to precisely obtain the defined pattern on the surface.
Patterns are developed with a mixture of IPA, methyl isobutyl ketone (MIBK) and
methyl ethyl ketone (MEK), 15 ml, 5 ml, 1 ml respectively for 1 minute. Then, it
is dipped into IPA to stop the developing process. Obtained patterns are inspected
with an optical microscope (Figure 3.5e).
Metallic connections are deposited by thermal evaporation. 6 nm Cr and 65
nm Au are deposited at a pressure of ∼ 2 × 10−6 Torr with low rate of deposition
(0.2 A˚/s of Cr, 0.5 A˚/s of Au) in order to increase uniformity of metallic particles,
achieve low contact resistance, and avoid any melting of PMMA due to the heat
generated by thermal evaporator, see Figure 3.5f. In some applications, only a thin
layer of Au is deposited on the flakes as a contact layer, and the pads are then
defined as Cr/Au, as previously described. The excess Au is removed by dissolving
the remaining PMMA in acetone at 55°C (lift-off). The sample is then rinsed in
IPA and dried with N2 gas, see Figure 3.5g. The sample can be left three days in
acetone to remove any PMMA contamination. The fabricated device is placed on
a chip carrier where the contacts pads are wire-bonded. Now the devices are ready
for the electrical characterisation.
3.3 Layer number characterisation and Raman
spectroscopy
3.3.1 Optical contrast measurements
Graphene is an optically transparent material with just 2.3% absorption of white
light as defined by the fine structure constant (1/137), α = e2/~c, where c is the
speed of light [9]. As the number of layers, n, increases, the absorption increases by
0.023n. In few-layer graphene on Si/SiO2, the number of layers can be determined
through the attentive analysis of the optical contrast of the flakes [10–12].
The refractive index of Si/SiO2 depends on the wavelength of incoming light
[11], and the contrast of graphene can be found using the Fresnel law for different
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Figure 3.5: Electron beam lithography fabrication process: (a) A substrate with a
graphene flake, (b) spin coating of PMMA, (c) PMMA on the substrate, (d) electron
beam (e-beam) exposure, (e) developing with IPA, MIBK, MEK removes the exposed
PMMA parts, (f) deposition of Cr/Au by thermal evaporator, (g) lift-off of the PMMA
with acetone.
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thickness of SiO2 [10]. The highest contrast for graphene on 290 nm SiO2 is achieved
at the green wavelength of the visible spectrum [10]. Therefore, a green filter (568
nm) is commonly used to increase visibility and contrast of graphene flakes in the
microscope images, see Figure 3.6a . The images are analysed with ImageJ software
in order to compare green channel pixel values between the graphene and substrate.
Points 1 and 2 or 1 and 3 on Figure 3.6b can be used to acquire pixel value references.
Average green channel pixel value can be calculated as
C =
| I(SiO2/Si)− I(sample) |
I(SiO2/Si)
(3.3)
where I(sample) and I(SiO2/Si) are the pixel values on graphene and substrate
respectively [10].
The contrast method analysis is reliable in distinguishing thin (< 4 layers) flakes,
since the difference in the contrast for the larger number layers reduces quickly to
lower values than the measurement noise level.
3.3.2 Raman spectroscopy of graphene and WS2
Another method commonly used to characterise two-dimensional materials is Raman
spectroscopy [14] which is optical, contactless and non-destructive. It is based on
activating phonon modes in a crystal via the excitation of electrons by absorbed
photons, which can cause two types of scattering. If momentum is conserved, the
electron returns to the same energy state emitting a photon at the same wavelength,
then elastic (Rayleigh) scattering occurs. However, in Raman scattering an electron
returns to a different vibrational state emitting a photon of different wavelength
from that of the incoming photon. Raman scattering can develop in two ways. If
the emitted photon has a lower (higher) energy than the incoming photon the process
is known as Stokes (Anti-Stokes). Resonant processes occur when the electron is
excited to an another unoccupied electronic state, see Figure 3.7 [15].
Here, a sample is illuminated with a 532 nm (2.33 eV) laser using a commercial
Renishaw system. The change in the frequency of the light is recorded by a charge
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Figure 3.6: (a) Different layers of graphene after exfoliation, red dashed line corresponds
to ImageJ line in (c) where the end points are compared in order to calculate contrast
difference, (b) positions where the pixel measurement is taken from, 1 is on the surface
of SiO2, 2 is on monolayer graphene, 3 represents the position on trilayer graphene, (c)
pixel difference measurement on the red dashed line in (a), (d) contrast measurements for
different thickness of graphene, adapted from [13].
Figure 3.7: Rayleigh resonant and non-resonant stokes-anti-stokes Raman scattering,
adapted from [15].
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coupled device (CCD) detector. Raman spectroscopy can be used widely in chemical
compounds as well as thin films and atomically thin materials identifying unknown
materials and physical properties, quality and crystal structure of a material.
Raman spectroscopy of graphene
The Raman processes of graphene can be explained using the phonon dispersion
relation and the electron-phonon interactions, see Figure 3.8 [16]. It has six phonon
modes and three of which are acoustic (A), and three are optical (O). They both have
in-plane transverse (T), longitudinal (L) and out-of-plane (Z) flexural or bending
oscillations. TO and LO phonon modes are the dominant mechanisms in Raman
scattering of graphene.
The in-plane vibration of sp2 bonded carbon atoms leads to the G peak. This
is due to a first order single resonance process at Γ point where TO and LO are
degenerate. An electron is excited to the conduction band and it is scattered by a
phonon near the Γ point, see Figure 3.8b. Finally, the electron recombines with a
hole emitting a photon.
Defect or disorder activated modes such as the D peak originate from vibrations
of the LO phonon mode. Defects on CVD grown graphene can trigger these transi-
tions. The D band is activated with the double resonance process involving single
electron-phonon scattering near the K point of Brillouin zone due to the defects.
An electron is excited and then scattered by a phonon to another valley and sub-
sequently scattered back due to a defect emitting a photon when returning to the
valence band states [17]. The D+D” peak is a combination of D and LA phonon
mode oscillations due to the defects.
The 2D peak arises from second order double resonance involving two-phonon
scattering on LO phonon mode near the K point. An excited electron scatters off
a phonon into another valley, see Figure 3.8b. It returns back and recombines as
emitting photon. This is an inter-valley process involving two phonons. If holes are
scattered instead of electrons, the recombination of electron-hole pair at K’ point
can generate a resonant condition which results in a triple resonance.
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Figure 3.8: (a) Phonon dispersion modes of monolayer graphene, adapted from [16], G
band is at blue circle on the left, and circle on the right is related to D and 2D bands, (b)
Raman scattering processes in graphene, adapted from [17].
Figure 3.9: Raman spectra of few and monolayer graphene measured at 532 nm which
shows D, G, 2D and D+D” peaks.
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One of the easiest ways to characterise graphene and its thickness is Raman
spectroscopy. Since few and monolayer graphene can be distinguished according to
the relative intensity of the G and 2D peaks as well as the shape of the 2D peak.
In pristine graphene, the G peak is located at 1586 cm−1 and 2D is at 2700 cm−1
[18]. Defect related D peak and D+D” peaks are at 1350 cm−1 and 2460 cm−1,
see Figure 3.9.
2D peak of monolayer graphene can be identified by its single Lorentzian peak
shape, see Figure 3.10. Few and multilayer graphene have more transitions than
monolayer graphene resulting in multiple Lorentzian peaks at 2D, see Figure 3.10.
For example, four possible transitions exist in bilayer graphene. Two pairs of the
four bands are strongly coupled with the light, and two nearly degenerate transverse
optical phonons couple with conduction bands resulting in four different phonon
processes with four different momenta (q1A, q1B, q2A, q2B), see Figure 3.11 [15].
Furthermore, the intensity of the G peak in monolayer graphene is half of the
height of the 2D. Few and multilayer graphene have higher intensities of G peaks.
The height ratio between 2D and G is about one in bilayer graphene, and G becomes
larger for tri- and four-layer graphene. The intensity of G peak increases with the
number of layers due to the rise in electrons involved in G-band transitions.
Another way to identify the thickness is to analyse the full width at half max-
imum (FWHM) of 2D peak. This is 26.3 cm−1 for monolayer graphene and 52.1
cm−1 for bilayer [19]. Moreover, trilayer and four-layer shows 56.1 cm−1 and 62.4
cm−1 FWHM [19], see Figure 3.10. Up to few-layer graphene, this method can be
used to determine number of layers.
Raman spectroscopy of WS2
Not only graphene can be characterised, but also TMDCs such as WS2 and their
thickness can be identified by Raman spectroscopy [20, 21]. In order to avoid possible
damage on the flakes, an optical density filter is used along the pathway of the laser
to reduce the power of the laser (∼ 40 µW/µm2). The excitation wavelength of 532
nm laser corresponds to the energy of the B exciton from the spin-orbit splitting of
77 CHAPTER 3. METHODS AND FABRICATION
Figure 3.10: Raman spectra and Lorentz fit of 2D peak for (a) monolayer, (b) bilayer,
(c) trilayer, (d) four-layer graphene.
Figure 3.11: 2D peak, double resonance process in bilayer graphene adapted from [18].
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WS2 which can activate many phonon resonant modes. The main Raman modes that
can provide information about the layer number are A1g and 2LA(M) [21]. E
1
2g(Γ)
and E12g(M) peaks overlap with 2LA(M), as illustrated in Figure 3.12. They can be
fitted with a Lorentzian function and the overlapped peaks can be distinguished.
In monolayer WS2, E
1
2g(Γ) and E
1
2g(M) peaks at 358.6 cm
−1 and 344.4 cm−1
represent in plane oscillations of the S and W atoms in opposite directions, while
A1g peak at 414 cm
−1 is due to out of plane oscillations of sulphur atoms, see Figure
3.13c. The 2LA(M) peak is at 352 cm−1 and this corresponds to second order Raman
resonance due to in plane oscillations of the atoms, see Figure 3.13c.
Figure 3.13a shows Raman spectra for WS2 flakes of different number of layers.
The intensity of A1g(Γ) increases with increasing layer number due to the stronger
interlayer contributions for thicker layers [20]. The A1g(Γ) blue shifts with increasing
thickness due to an increase in restoring force in van der Waals interactions between
layers, whereas small redshift can be observed on the E2g and 2LA phonon modes
due to the dielectric screening effect of the vibration [20]. The Figure 3.13b shows
the Raman shift difference between A1g(Γ) and 2LA(M) with respect to the number
of layers which can assist to identify the number of layers for few-layer WS2.
A1g(Γ) and 2LA(M) modes are polarisation dependent. The intensity of both
peaks reduce when the polarisation of incoming and detected light are perpendicular
to the plane of the flake, whereas the intensity of the peaks increases when the
polarisation is parallel [22]. The position and intensity of the 2LA(M) peak also
depend on the temperature. With decreasing the temperature, the 2LA peak blue
shifts and its intensity becomes weaker than E12g(Γ) due to contraction of the lattice
with temperature change. A shift in the phonon energies, which is introduced by
a change in inter-atomic forces with temperature, causes anharmonic vibrations in
the lattice led by phonon-phonon interactions [22, 23].
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Figure 3.12: Raman spectra of monolayer WS2.
Figure 3.13: (a) Raman spectra of different numbers of WS2, (b) ∆ν corresponds to
Raman shift difference between 2LA and A1g mode, adapted from [21], (c) displacements
E12g, 2LA(M) and A1g phonon modes where purple and yellow balls represent W and S
atoms respectively, adapted from [24].
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3.4 Electrical and optoelectronic measurements
3.4.1 Electrical transport in graphene
A variety of properties of graphene such as mobility, doping, conductivity and sheet
resistance are commonly used as indicators of the quality of the material. These
are commonly characterised with electrical transport measurements in a transistor
geometry where the Fermi level can be modified by a perpendicular electrical field
generated by a gate bias applied to the Si/SiO2. Upon sweeping the bias applied to
the back gate, graphene is electrostatically n (p) doped for negative (positive) bias,
see Figure 3.14c. The gate sweep can be performed in two different ways which are
zero-bias and constant source-drain voltage bias measurements.
For the zero-bias measurement, a lock-in amplifier (Ametek DSP 7270) is used
to apply an AC signal between source and drain with a frequency and time con-
stant which define average measurements of real and imaginary parts of the lock-in
measurements, see Figure 3.14a. A 10 MΩ resistor which has at least two order of
magnitude higher resistance than graphene is used as a ballast resistor to source
constant current to the graphene. For the gate bias, the gate leakage is monitored
simultaneously during the sweep using a Keithley 2400 sourcemeter. The resistance
of graphene can be obtained directly from the lock-in using Kirchhoff’s rules. The
circuit can be defined as
Vosc − IRballast − IRsample = 0 (3.4)
where I is the current in the circuit, Rballast is the 10 MΩ resistor, and Rsample is
the resistance of the graphene channel. In the limit that Rballast is much larger than
Rsample, the resistance of the sample is given by
Rsample =
VsdRballast
Vosc
. (3.5)
The current in the circuit can be measured with a directly applied voltage, see
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Figure 3.14b. A voltage source (Xitron 2000) is used to provide constant bias to the
device and the current is measured with a multimeter (Agilent 34401A Multimeter).
For small values of the currents, a current amplifier can be used in the circuit.
Figure 3.14: (a) Zero-bias or constant current electrical measurement set up, (b) con-
stant voltage electrical measurement set up, (c) resistance versus gate bias for single layer
graphene, adapted from [25]. The insets represent the Fermi level of the graphene.
High carrier mobility is a crucial property for assessing the quality of electronic
devices. Within the Drude model, the mobility (µ) is a function of the electrical
conductivity σ and the charge density (n):
µ =
σ
ne
(3.6)
where e is the electron charge. The carrier concentration can be found using the
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parallel plate capacitor model as
n =
CgVg
e
and Cg =
0SiO2
dSiO2
(3.7)
where Cg is the known geometrical capacitance of the device, Vg is the applied gate
voltage, 0 is permittivity of free space, SiO2 is permittivity of SiO2, and dSiO2 is
the thickness of the gate. The conductivity (σ) depends on mobility linearly. It can
be expressed as
σ =
L
wRsample
(3.8)
where L and w are the length and width of the channel respectively.
For the zero-bias measurements where resistance versus gate bias plots are ob-
tained, the mobility is
µ =
LdSiO2
0SiO2w
1
RsampleVg
. (3.9)
Similarly, for the constant source-drain bias (Vsd) measurements, resistance of
the channel is Rsample = Vsd/dIsd, and the mobility can be expressed as a derivative
of Isd respect to Vsd with a constant which is
µ =
LdSiO2
0SiO2wVsd
dIsd
dVg
. (3.10)
The maximum resistance is reached at zero gate bias (Vg = 0), where the Dirac
point is defined. Unwanted contamination in the processing dopes graphene and
the Dirac point usually shifts toward the p-doped region. Upon annealing, these
contaminants are removed and the Dirac peak shifts back to zero gate voltage.
3.5 Optoelectronic measurements
In order to study the optoelectronic properties of two-dimensional materials, I in-
vestigate their electrical properties under different illumination conditions. Change
in the resistance of a device under a light exposure can give information about
these features. Two different techniques are used to determine these properties
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which are scanning photocurrent microscopy and a bulk illumination method with
a monochromator.
3.5.1 Scanning photocurrent microscopy (SPCM)
In this thesis, I use a home developed scanning photocurrent microscopy system to
characterise the photo-generated charge carriers upon laser illumination. The system
consists of a computer controlled Cairn multiline-laserbank with four different laser
beams: 473 nm, 514 nm, 561 nm and 685 nm. The selected laser light is directed
to the sample using an upright Olympus BX51 microscope, see Figure 3.15a. The
power of the illumination can be adjusted with the laser controller and optical density
filters. Different magnification of the microscope objectives provides various sizes of
beam spots down to 1 µm. The laser light can be a continuous wave or modulated
through the transistor-transistor logic (TTL) of the laser bank controller. Standard
lock-in technique is used for low-noise opto-electronic measurements. The electrical
circuit on a device is shown on Figure 3.15b. The current signal is mapped as a
function of the lateral position of the device using a motorised computer controlled
XYZ stage with a resolution of 1 µm.
3.5.2 Bulk illumination
Another way to examine photodetection performance of a device is bulk illumina-
tion with monochromatic light. The bulk illumination setup contains a light source
(Xenon arc or quartz tungsten halogen light source and power supply), collimating
and focusing lenses, monochromator, and a vacuum tube with a fused quartz win-
dow, see Figure 3.16a. The light source systems are provided by Oriel tunable light
source systems (TLS) and the vacuum chamber is integrated to this system. The
setup is covered by a blackout light curtain to protect the light-sensitive equipment
and measurements. The energy of the white light is tuned with the monochromator.
Similar to SPCM measurements, the photocurrent is measured under dark and illu-
mination with a current amplifier and a multimeter, illustrated as Figure 3.16b. The
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Figure 3.15: (a) Schematic of the scanning photocurrent microscopy experimental setup,
the laser beam is provided by the laserbank. Beam splitter, microscope camera and micro-
scope objective are mounted on the microscope, Olympus BX51. (b) Electrical connections
of the sample measured on this setup, blue dashed line represents the horizontal laser scan,
movement of the stage allows the laser rastered on the graphene.
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power of the light can be adjusted with optical density filters and can be calibrated
with a powermeter and a photodiode. Power densities down to 10−9 W/cm2 can be
achieved. This can provide highly sensitive measurements for photodetectors and
memory devices.
Figure 3.16: (a) The bulk illumination setup, Oriel tunable light source system with
a sample stage embedded in a vacuum tube, (b) electrical schematic of a device for the
white light measurements.
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Chapter 4
Contact resistance based on
few-layer CVD grown WS2
4.1 Introduction
Over the course of the last decade, significant research efforts have been made to
determine the physical properties of atomically thin TMDCs. In doing so, a number
of technical problems have been encountered, one of which is an ongoing issue of
the high contact resistance between the metal electrode and TMDC. Charge carriers
flowing in a field-effect transistor (FET) encounter a large potential barrier at the
metal-semiconductor interface, which restricts the flow of current in the transistor.
Reducing the contact resistance is crucial for improving device performance such as
achieving a higher saturation current in the ON state of the TMDC FET.
Metal-TMDC contacts have higher contact resistance than graphene and other
semiconductors such as InGaAs and GaN [1]. One of the reasons for this resistance
is the presence of a Schottky barrier at the metal/TMDC interface. The difference
between the work function of the metal and electron affinity of the n-type semicon-
ductor can form this barrier. In commercial semiconductors, the contact resistance
can be reduced by ion-implantation where the contact areas below source-drain are
bombarded by high energy ions and doped. However, it is hard to control doping
density, dose and ion exposure in atomically thin structure of two-dimensional ma-
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terials [2, 3]. The Schottky barrier in TMDCs can be lowered using different metals
with work functions close to the electron affinity of the TMDCs, changing the phase
of the TMDCs below the contacts from 2H to 1T and fabricating edge contacts can
reduce the contact resistance [4–6].
The minimum contact resistance is defined by the quantum limit depending on
the number of electron modes of the contact semiconductor [1, 7]. The minimum
conductivity can be written as
R−1 = σ =
2q2
h
M ≈ M
12.9 kΩ
and M = kfW/pi (4.1)
where M is the number of propagating electron modes which depends on Fermi
wavenumber (kf ) and width of the contact (W ) [7]. Here, h is the Plank constant
and q is the electron charge. The quantum limit of the TMDCs is 30 Ω µm [1, 8].
However, the lowest contact resistance reported for few-layer WS2 is 0.7 kΩ µm
where the contacts are doped by chloride molecular doping technique [4]. Sulphur
vacancies in the WS2 can be replaced by chloride (Cl) atoms, extra electrons donated
by Cl atoms reduce the contact resistance [4]. With phase change of MoS2 from 2H
to 1T, resistances down to 200 Ω µm have been achieved [5].
In this chapter, the contact resistance of CVD-grown few-layer WS2 of varying
channel lengths is investigated at room temperature and in a liquid helium environ-
ment. I find a high contact resistance of the order of MΩ µm, independent of width
and length of the channel. Possible oxide impurities, contamination and defects
due to the fabrication methods, Schottky barrier and Fermi level pinning and van
der Waals gap between the bulk metal and atomically thin WS2 affect the value of
contact resistance [8, 9].
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4.2 Experimental details
Atomically thin WS2 flakes are grown on a 300 nm Si/SiO2 substrates by chemical
vapour deposition, see Chapter 3. Optical microscopy allows the identification of the
CVD WS2 triangles, with flake edges easily distinguished using dark field illumina-
tion. Oxide spots or secondary domains under the flakes can readily be observed in
this mode, see Figure 4.1a and b. These are usually caused by the growth method.
Furthermore, the flakes are triangular due to the growth rate of the flakes [10]. The
lighter spots on Figure 4.1b are the WO3 seeds from which WS2 domains are grown
by sulphurisation of the WO3. The lateral size of CVD grown WS2 flakes ranges
from 5 to 30 µm. Optical inspection allows the selection of large area flakes, which
are free from contaminants left behind the growth process.
Raman spectroscopy is used to characterise the quality and thickness of the
flakes. It is acquired under ambient conditions with a Renishaw spectrometer con-
taining an excitation laser of 532 nm. Figure 4.1c shows the Raman spectra of a
CVD grown WS2 flake. The layer dependent Raman modes, A1g, E2g and 2LA,
are observed. The spectra can be compared with previous literature to identify the
number of layers [11–13]. The difference of the A1g and 2LA modes is 68 cm
−1 which
suggests that the flakes are trilayer.
Following optical characterisation, FET devices are fabricated using high-quality
WS2 flakes. The samples are spin-coated with 500 nm of PMMA and baked 30 min-
utes at 160°C to obtain hard PMMA surface to protect flakes from any contamination
during the scribing process. Then, they are scribed to pieces less than 5 mm length
and width to fit them into the chip carrier and measurement probes. The PMMA is
subsequently removed with acetone and IPA. Using the previously described lithog-
raphy, deposition (6/65 nm of Cr/Au) and lift-off techniques in Chapter 3, transis-
tors with channel length ranging from 200 nm to 2.5 µm are defined, see Figure 4.1d
and e, allowing the electrical transport properties of CVD grown WS2 flakes to be
investigated.
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Figure 4.1: (a) Optical microscope and (b) dark field microscopy images of the WS2.
Triangular shapes are the flakes and the bright spots in (b) are the WO3 seeds from the
growth process. The sizes of the flakes can change from 5 µm to 30 µm. (c) Raman spectra
of the flakes. (d) Schematic of two-probe and (e) four-probe measurements. The yellow
rectangles represent the Cr/Au contacts. The inset is the optical microscope image of a
fabricated device, scale bar 5 µm. The WS2 is centred and under the metal contacts.
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4.3 Results
I use two-probe and four-probe techniques to characterise the flakes electrically.
Each channel is biased separately to identify the two-probe resistance at room tem-
perature and 4.2 K. The results are compared with four-probe resistance to extract
the resistance of the semiconductor.
The contact resistance can be calculated using source-drain (I - V) characteristics
of WS2. The flakes are triangular, therefore I need to consider changes of the width
along with the channel length. The total resistance is given by the slope of a I - V
curve which is
Rtotal = 2Rc(W ) +Rchannel(W ) + 2RCr/Au (4.2)
where Rc is the resistance between the metal and the semiconductor, Rchannel is
the resistance of the channel and RCr/Au is the resistance of Cr/Au contacts. The
resistance of the semiconductor is Rchannel = ρchannelL/W where L and W are the
channel length and width, ρchannel is the resistivity of the semiconductor. The total
resistance considers all of the resistive components of the measurement system.
A source-drain bias is applied to the devices recording the current with channel
lengths ranging from 0.2 to 2.3 µm, see Figure 4.2a. With the change of quasi-Fermi
level, a semiconductor device acts as a metal above turn-on voltages due to the high
electrostatic doping. The resistance of the WS2 is investigated at the point above
the turn-on voltages where the sufficient current (1 nA or larger) passes through the
channel.
The two-probe measurements at room temperature show resistances larger than
MΩ which is dominated by the contact resistance, see Figure 4.2a and b. To confirm
this, the resistance of the flake is determined with a four-probe measurement, and
it is found to be in the kΩ range. The contribution to the total resistance from the
resistance of the metallic contacts can be neglected because it is orders of magnitude
smaller than the resistance of the channel. As a result of this, contact resistance
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can be rewritten as
Rtotal = 2Rc(W ), Rc(W ) =
Rtotal
2
. (4.3)
The dependence of the width is considered with extracting the contact resistivity
from Rc = Rc.W . The lowest contact resistance found is 22.2 MΩ µm ± 18.4 MΩ
µm. This contact resistance is not comparable with the sheet resistance of the flake.
Therefore, the total resistance has no linear increase with the channel length.
Figure 4.2: (a) Source-drain measurement of a few-layer CVD WS2 device with different
channel lengths. (b) Contact resistances of these channel lengths.
The devices are subsequently annealed in liquid helium under a large source-
drain current. I apply a large and fast sweep of source-drain bias up to 210 V and
the currents reaching up to 10 µA lasting for a few seconds. Joule heating is com-
monly used to remove contaminants and adsorbates from the surface of atomically
thin materials [14, 15]. A high rate of device failure is observed during the Joule
heating process. After the annealing, the total resistance is reduced by two orders of
magnitude, see Figure 4.3a. This indicates that the metal-WS2 interface is affected
by the presence of contaminants and possibly an oxide barrier.
After the improvement in the contacts with the annealing, the source-drain bias
is applied to observe the total resistances of the devices, see Figure 4.3c. The
contact resistances are calculated. Even though the current annealing is performed,
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the contact resistance remains high. The lowest calculated contact resistance is 0.77
MΩ µm ± 53.9 kΩ µm, see Figure 4.3d.
Sweeping the back gate allows different energy levels in the band structure to
be accessed. However, the device does not provide any gate sweep dependence even
when the gate is biased to 100 V and source-drain is biased to 30 V. Subsequently, I
transfer the flakes to a new Si/SiO2 substrate by dry transfer method, see Chapter 3,
and applied a voltage bias. Also in this case, the gate does not show any modulation
of the electrical properties of the TMDCs, see Figure 4.3b. This might be due to
the large Fermi level pinning in the devices [16].
4.4 Conclusion
I have examined metal-WS2 interface with electrical transport measurements. The
high contact resistance at the interface isolated the resistance of the WS2. The
possible contamination, impurities and defects were cleaned by the bias annealing
in liquid helium. However, the contact resistance was not only due to these impuri-
ties. The Schottky barrier, Fermi level pinning, van der Waals gap and the lattice
mismatch between the metal and the semiconductor could be the reason of the high
resistance which has been reported previously [4, 8, 16–18]. Strong Fermi level pin-
ning could prevent the gate modulation. It might be possible to improve the quality
of the contacts with further doping, intercalating and phase change methods, and
the vacuum annealing might allow to clean any contaminants on the surface leading
lower contact resistances.
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Figure 4.3: (a) Source-drain bias annealing of the devices at 4.2 K. The black and red
curve represent the transport before and after the annealing respectively. (b) Current
(absolute value) vs voltage at different back gate biases. The green single line shows all
the measurements are overlapping each other and cannot be distinguished. (c) Source-
drain measurements in liquid helium for difference channel lengths. (d) Calculated contact
resistances of the device.
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Chapter 5
Side gate leakage and field
emission in graphene FETs
5.1 Introduction
SiO2/Si is typically used as a back gate for graphene field-effect transistors to apply
a vertical electric field allowing modulation of the Fermi level. A top gate can also be
added to increase the electric field and capacitive modulation. Risk of failure in the
device becomes higher with the addition of the complexity [1, 2]. However, side gates
can be used as an alternative gating mechanism to reduce the interaction with the
dielectric, avoid dielectric breakdown and top-gate related hysteresis [3]. One of the
main weakness of side gate devices is the leakage between the channel and the gate
from dielectric/air or dielectric/vacuum environment [4]. Graphene side gates and
their horizontal transport properties on a dielectric surface are interesting problems.
In previous studies with graphene side gates separated by a couple of hundreds of
nanometres distance on SiO2 gate, the I - V characteristics of the graphene flake are
governed by the space-charge-limited flow of current at low bias, whilst at higher
The results in this chapter have been published as A. Di. Bartolomeo, F. Giubileo, L. lemmo,
F. Romeo, S. Russo, S. Unal, M. Passacantando, V. Grossi and A. M. Cucolo, Applied Physics
Letters 109, 2, 023510, (2016) which the author of this thesis is a co-author. Contributions were
made to the design, fabrication and characterisation of the devices.
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bias Fowler-Nordheim tunnelling dominates [5, 6]. It has also been found that
field emission between suspended graphene flakes is based on Fowler-Nordheim field
emission [7].
In this chapter, the role of side gates situated 100 nm laterally away from the
graphene channel is studied. First, the device is electrically characterised in ambient
conditions. After that, the graphene side gate transport properties are studied in
a SEM chamber providing high vacuum conditions. The leakage to the side gate is
directed through the SiO2 substrate and the vacuum environment. At low voltage
regime less than 58 V, the leakage is due to Fowler-Nordheim emission. Furthermore,
with the applied bias, the leakage rises sharply due to the contribution of Frenkel-
Poole transport. The reason for this is high electric field emission in the measurement
environment.
5.2 Experimental details
Graphene is exfoliated on Si/SiO2 substrate and identified under an optical micro-
scope using the green light contrast analysis, see Figure 5.1a [8]. The graphene side
gates and channels are defined by electron beam lithography. In order to define
high precision sub-micrometre gate distances, a thin layer of PMMA is used as a
mask prior to the lithography and developed short time in IPA:MIBK:MEK follow-
ing electron beam exposure, see Chapter 3. The desired side gates are obtained
by O2 reactive ion plasma etching which removes regions of graphene not masked
by PMMA. This allows side gate structures to be fabricated with a desired gate
distance to be obtained. Following the removal of the PMMA mask in hot acetone,
20/90 nm of Cr/Au metal contacts are defined and deposited by the lithography,
thermal evaporation and lift off. The fabricated device has two graphene channels
connected in series by a metal line. Each graphene channel has its own side gate
which can be tuned independently of one another, see Figure 5.1b and c. They can
also be used individually as a graphene field-effect transistor.
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Figure 5.1: (a) Optical microscope images with a green filter. The first image from
left shows the exfoliated graphene, the second one is the image after the lithography and
developing processes. Etched graphene and the contacts on the side gate and source-drain
are shown in third and fourth. (b) Schematic of the device, S1 and S2 are the contacts
used for source and drain. D is the connection which couples the two flakes in series.
G1 and G2 are the gate electrodes. (c) The circuit schematic of the device. T1 and T2
represent the first and the second graphene field-effect transistor.
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5.3 Results
The device is electrically characterised in a Janis probe station at a pressure of ∼
1 Torr. In order to achieve clean surface and remove the contaminants, the sample
is vacuum annealed at ∼ 10−6 Torr and kept at room temperature more than three
days in a nanoprobe integrated high-vacuum Zeiss SEM chamber. The gate leakage
and field emission are measured in-situ using a Keithley 4200 sourcemeter.
Initially the electrical transport properties of the side-gated graphene FETs are
investigated in ambient conditions. While floating the back gate, the source-drain
current is recorded whilst sweeping the source-drain bias for various side gate volt-
ages, see Figure 5.2a. Then, the side gate is swept at constant source-drain voltage
(9 mV) to obtain the change in the resistance of the device with modulation of the
side gate bias, see Figure 5.2b. A similar measurement is also performed on the back
gate, see Figure 5.2c. The minimum resistance (∼ 50 kΩ) at the highly doped region
is dominated by the channel. Measurements on test devices in the same chip shows 1
kΩ µm contact resistance which is expected for the graphene/Cr contacts Figure 5.2
[9, 10]. The Dirac point is located at Vsg ∼ 0.35 V representing a p-doped device.
Hysteresis on the Figure 5.2b shows ∼ 20% ratio of the difference in the voltage
shift and width between forward and reverse sweep at R = 65 kΩ, whereas the back
gate measurements indicate the ratio of ∼ 39% at the same resistance point. This
hysteresis is due to the traps in the gate, residues of PMMA or contamination of
the surface, e.g. by water molecules, which might reduce the performance of the
side gate. In order to increase the functionality of the device, the measurements are
performed in a vacuum chamber, a contamination free environment, and the bias
on the side gate is kept low to avoid any leakage and degradation in the SiO2.
The side gate sweeps show that the graphene has a p-type behaviour. This is
confirmed by the back gate measurements. The Dirac point is located at Vbg = 10 V.
A second Dirac point appears here which might be due to the doping of the contacts,
oxide traps and Fermi-level de-pinning which have been observed previously [11–13].
This peak does not appear on the side gate sweeps up to 3 V.
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The normalised transconductance, Gm = (dID/dVG)Vd=9mV is calculated for side
gate and back gate measurements to compare their effect on the channel and effi-
ciency to modulate the transconductance, see Figure 5.2d and e. The efficiency of
the side gate is 5 to 10 times higher than the back gate under a much larger back
gate bias.
In order to identify the mechanism behind the transport between the side gate
and the graphene flake, the horizontal current between the two is measured in a
high vacuum environment to avoid any surface water, moisture and contamination
until the device breakdown. Before beginning this measurement, the leakage in the
back gate is checked on the graphene channel and the side gate which is about 0.1
nA up to 100 V. The low leakage from the back gate might permit measuring the
side gate leakage. Then, the graphene flake is biased up to 100 V monitoring the
current while the side gate is grounded, see Figure 5.3a.
The leakage current between the flake and side gate is measured under a 50 V
back gate bias, see Figure 5.3b. To stabilise the current in the graphene channel
multiple low bias sweeps were performed prior to the measurement. Then, the 2nd
sweep is performed, see Figure 5.3b. An obvious separation in leakage current occurs
at VD = 15 V. The side gate leakage becomes higher than the back gate. Moreover,
a sharp increase is observed at 60 V which can be interpreted as tunnelling between
graphene to graphene through SiO2 or vacuum. A slow degradation happens after
70 V, and this degradation continuous in the third sweep. The high rate of the
leakage might indicate a different mechanism.
The mechanism behind the leakage is investigated with comparing the low and
the high voltage regimes. In a similar device, it has been previously found that
low voltage regime is governed by the space-charge-limited flow where the current is
dominated by the free flow of the charge carriers in the insulator [6, 14]. However, a
better approximation can be observed with Frenkel-Poole transport in low voltage
regime [5, 15]. In this case, defects and trap states in SiO2 limit the current passing
through the oxide [16, 17]. Electrons injected into this insulator can be trapped by
these states and pass to another trapping site under an electric field. The current
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Figure 5.2: Electrical characterisation of T1 graphene channel. (a) Source-drain mea-
surements at different side gate biases. (b) The resistance of the channel as a function of
side gate and (c) back gate bias at 9 mV constant source-drain voltage. (d) Side gate and
(e) back gate transconductance normalised by channel width.
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is given as
ID ∝ VDexp
( e
kT
(
2α
√
VD − φB
))
(5.1)
where ID and VD are the current and the applied bias, e is the electron charge, k
is the Boltzmann constant, T is the temperature, α is the Frenkel-Poole constant
(α =
√
q
4piε0εrd
), εr is the dielectric constant of SiO2, ε0 is the vacuum permittivity,
d is the thickness of the dielectric and φB is the trap potential barrier [5, 18]. The
fit of Figure 5.3c shows a linear behaviour which is expected for the Frenkel-Poole
model. Using this, the trap barrier can be calculated from the intercept (eφB/kT )
of the fit which is φB ∼ 0.8 V for both sweeps. Similar trap barrier energies have
been previously reported for SiO2 [19–21]. The conduction mechanism is due to the
injection of electrons into the trap states via SiO2. Electrons can be excited to the
conduction band by the large electric field and transferred to the graphene.
The Fowler-Nordheim emission is observed as a dominant transport mechanism
at voltages higher than 58 V. Carriers tunnel through a thick oxide barrier or vacuum
when an electric field is applied to an electrode in vacuum [17, 22]. The current in
this transport can be described as
I ∝ a1
φ
(
βV
d
)2
exp
(
bφ3/2d
βV
)
(5.2)
where b = 6.83×109 eV3/2.V/m and a = 1.54×10−6 eV−1 are the constants, d is the
thickness of the dielectric, φ is the trap barrier height (work function of graphene is
4.5 eV) and β is the field enhancement factor on the edge of graphene which can be
calculated from slope of Figure 5.3d as ∼ 4 [18, 22]. The Figure 5.3d inset shows
ln(I/V 3/2) versus V −1 plot. Even though Equation 5.2 is the general representation
of the Fowler-Nordheim emission, the prefactor V 2 can be replaced by V 3/2 for the
graphene [23, 24]. It is found that Fowler-Nordheim model is the closest to the
presented results between 58 V and 71 V.
Figure 5.4a shows low bias transport between graphene and the side gate. Elec-
tron injected in the SiO2 moves from the trap and defect states by trapping and de-
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Figure 5.3: (a) Schematic of the side gate leakage measurement. (b) The planar current
between side gate and the graphene flake (ID, left axis). the blue line is the back gate
leakage up to 100 V for T1. The red is the second sweep which is acquired after a couple
of low voltage sweeps. The leakage current in 2nd sweep has three steps. The first is the
increase in the leakage starting at VD = 15 V, the second is the sharp increase at 58 V
and the third is the current degradation at VD = 71 V. The black line (3
rd sweep) shows
a repetition of the 2nd one. (c) Frenkel-Poole model fit of the 2nd sweep and (inset) 3rd
sweep up to VD ∼ 60 V. (d) Fit of Fowler-Nordheim field emission model of the 2nd and
(inset) 3rd sweep between 58 V and 71 V, adapted from [23].
109 CHAPTER 5. SIDE GATE LEAKAGE AND FIELD EMISSION IN GRAPHENE FETS
trapping events under an electric field which is described by Frenkel-Poole transport.
There is another mechanism taking place at higher biases which is Fowler-Nordheim
tunnelling. It governs the transport between 58 V and 71 V. In this regime, elec-
trons travel in the vacuum since current flow is not limited by any scattering process
(capture or emission), see Figure 5.4b. SiO2 acts as a triangular barrier which the
carriers can tunnel through [17]. The degradation after 71 V might be the result of
Joule heating in carbon atoms or current modification of carbon edges which was
previously reported [25, 26].
Figure 5.4: (a) Schematic diagram of Frenkel-Poole transport at biases lower than 58
V and (b) Fowler-Nordheim tunnelling and transport in the vacuum. Fowler-Nordheim
tunnelling is more favourable than Frenkel-Poole transport at higher biases, adapted from
[23].
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5.4 Conclusion
In summary, graphene field-effect transistors have been fabricated along with a
graphene side gate. One of the advantages of this structure is the possibility to
pattern the gate and contact electrodes in a single lithography and etching step.
In order to efficiently gate and increase the electric field between the side gate and
the channel, the distance between the two was kept 100 nm, and the channel width
was 500 nm. The comparison between the side gate and the back gate has shown
that the side gate sweeps were 5 to 10 times more efficient than the back gate. The
leakage mechanism between the channel and the side gate has been investigated.
The leakage at low voltage bias regimes was caused by Frenkel-Poole transport and
Fowler-Nordheim emission at higher biases with high electron field emission in a
vacuum environment. This work has shown that the graphene side gates can be
used as an alternative gating technique to the top or the back gate configurations
and bringing additional benefits such as it can be produced easy and fast fabrication
techniques.
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Chapter 6
High photoresponsivity in
graphene-WS2 heterostructures
6.1 Introduction
Two-dimensional materials, such as graphene and WS2, have a great potential in
future electronic devices, field-effect transistors and photodetectors with their near-
infrared and visible range band gap in the electromagnetic spectrum [1, 2]. At the
same time, graphene has high carrier mobility, transparency and broadband oper-
ation range, fast optical response time and it can be integrated into optoelectronic
devices [3–5].
In this chapter, a photodetector based on a graphene/WS2 heterostructure with
a polymer gate is introduced. The heterostructure is characterised optically and
electrically with and without the polymer top gate. SPCM measurements are per-
formed to investigate optical active area on a prototype graphene/bulk WS2 devices
in ambient conditions. The active area of these samples is the heterojunction which
produces at least two orders of magnitude higher photocurrent than bare graphene.
The results in this chapter have been accepted for publication in Advanced Materials as Jake
Mehew, Selim Unal, Elias Torres Alonso, Gareth Jones, Saad Ramadhan, Monica Craciun and
Saverio Russo which the author of this thesis is a co-author. Contributions were made to the fabri-
cation, optical characterisation, electrical-optical measurements and preparation of the manuscript.
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Subsequently, the EQE and photoresponsivity measurements on graphene/few-layer
WS2 are examined in a home built vacuum chamber integrated with a light and
monochromator, see Figure 3.16. The photodetectors operate in the wavelength
range of 400-700 nm and the photoresponsivity is 106 W/A which is one of the high-
est recorded in the graphene-TMDC heterostructure devices. The response time of
the heterostructure is 2.8 ms and 4.0 ms for the rise and the fall time respectively.
These results are confirmed by the bandwidth measurements. With traditional
Si/SiO2 gates, the graphene-TMDC devices show a persistent photocurrent after
removal of the light, of interest for memory applications, whereas a high photore-
sponsive and gain photodetector within the order of millisecond response times is
obtained by graphene-WS2 heterostructure [6].
6.2 Experimental details
WS2 is mechanically exfoliated on a highly p-doped Si/SiO2 (290 nm) substrate from
a synthetic crystal (HQ Graphene) with purity of 99.995%. The exfoliated areas are
covered by a high-quality graphene grown by cold wall chemical vapour deposition
technique using wet transfer method [7]. Fully covered flakes are identified by an
optical microscope. Few-layer WS2-graphene is characterised by Renishaw Raman
spectroscopy with a 532 nm laser.
Further lithography steps are performed and contact metals are deposited. Three
layers of metal are deposited as 25/7/65 nm Au/Cr/Au directly contact to the
graphene region only. The graphene channel is further etched using Argon plasma.
After the fabrication of the sample, a solid polymer top gate is prepared by
magnetic stirring of poly (ethylene oxide) (PEO) and lithium perchlorate (LiClO4)
at a ratio of 8:1 in methanol and drop-cast on the device in ambient conditions.
The device is characterised electrically. Photocurrent maps are obtained on a
prototype graphene-bulk WS2 device in ambient conditions using the photocurrent
scanning map, see Chapter 3. Furthermore, other optoelectronic measurements are
performed on graphene/few-layer WS2 in a vacuum chamber with a fused quartz
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window, monochromator and a white light source. A Thorlabs PM320E power
meter with S130VC sensor is used for power calibration.
6.3 Results
Raman spectra of few-layer WS2-graphene is acquired using a 532 nm laser beam.
High power of the laser can damage the sample and saturate the WS2 signal. There-
fore, a neutral density filter is used inside the Raman system which can reduce the
power of the laser down to ∼ 39 µW. The peaks are fitted by Lorentzian up to
420 cm−1 corresponds to Raman modes of WS2 and graphene up to 3000 cm−1,
see Figure 6.1b. The Raman shift difference in the layer number dependent Raman
modes, 2LA and A1g, corresponds to three atomic layer WS2. Characteristic single
layer graphene peaks are observed as well as a broad photoluminescence peak of
WS2 around ∼ 3100 cm−1, see Figure 6.1c.
I set up the circuit as shown in Figure 6.1a. Electrical transport is measured
by sweeping the top gate at constant source and drain voltage. The Dirac point
for graphene can be resolved at Vtg = 0.1 V, see Figure 6.1d. The maximum sheet
resistance of the flake is calculated as ∼ 16 kΩ/.
The Figure 6.1a inset shows the cross section of the graphene/few-layer WS2
device. The contact is deposited on the top layer graphene. Ionic polymer serves as
a top gate on the heterostructure. The polymer induces higher carrier concentration
than the back gate [8–10]. It establishes a few nanometre Debye layer where the
impurities between the gate and the device are reduced by mobile ions [11, 12]. When
the top gate bias is applied, the mobile ions accumulate to the Au electrode and the
graphene surfaces. The bias has to be kept lower than 4 V to avoid any chemical
reaction processes and high gate leakage [13]. If the gate is biased negatively, the
positive ions, Li+ accumulates to the electrodes whereas ClO−4 ions move onto the
graphene. The negative ions near the graphene surface dope the graphene p-type
increasing hole formation.
The mobility of the graphene is calculated using the applied voltage to the gate
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which corresponds to the electrostatic potential (φ) difference between the graphene
and the gate electrode and Fermi level (EF ) shift [8]. The capacitance of the polymer
gate, 2.2 x 10−6 F cm−2, is much larger than the back gate (12 nF cm−2) [8, 14].
Therefore, the Fermi energy change in the graphene needs to be considered in the
top gate voltage. Then, the applied gate bias can be written as
Vtg =
EF
e
+ φ =
~|υF |
√
pin
e
+
ne
Ctg
(6.1)
where e is the electron charge, n is the carrier concentration, υF is the Fermi velocity
and Ctg is the capacitance of the top gate [8]. The gate capacitance, Ctg = εε0/dtg,
can be calculated using dielectric constant of PEO (ε = 5) and Debye length (dtg).
The carrier concentration is extracted for each Vtg solving Equation 6.1 and used
to find carrier mobility which is ∼ 400 cm2/Vs. In the case of SiO2 back gate,
the capacitance is much lower than the top gate. Therefore, the number of carriers,
which lead to shifts in the Fermi level, become much smaller than the carriers leading
to the electrostatic potential difference, so only φ term is considered for mobility
calculations with the SiO2 gate.
After the electrical and optical characterisation of the device, I am interested in
its optoelectronic properties. A laser with 473 nm wavelength is rastered on device
measuring photocurrent as a function of the position of the laser beam, see Figure
6.2a. For this case, I use graphene on a bulk WS2 rather than a few-layer WS2 as a
prototype, see Figure 6.2b. The large bulk flakes enable distinguishing photoactive
areas clearly. The scan is started from the left electrode to the right recording the
photocurrent for each µm distance. This mapping is performed at different gate
voltages which are Vtg = -1.5 V, 0 V and +1.5 V in ambient conditions. The Figure
6.2a shows an overlap of the maps with optical images of the device.
The results of the photocurrent maps show a large photocurrent difference be-
tween graphene on SiO2 and the graphene on bulk WS2 regions. More specifically,
the photocurrents generated from graphene on SiO2 and graphene-gold regions are
two orders of magnitude smaller than the values recorded in the heterostructure.
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Figure 6.1: (a) Schematic of the few-layer WS2-graphene device with transparent ionic
polymer electrode top. Inset: Cross section view of the device. The gate is biased from
the top gate with an independent Au contact, and source-drain voltage is kept constant.
Raman spectra of the heterostructure can be divided into two regions. They are (b) WS2
and silicon peaks and (c) graphene region. (d) The resistance of the graphene sheet on
the TMDC with the modulation of the top gate. The contact resistance of graphene is ∼
1 kΩ µm.
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Short-circuit configuration is used to study the photocurrent for this device.
With this configuration, the photocurrent is measured directly without any source-
drain bias, and the dark current is zero. For this reason, a sign change is observed
on the maps (blue and red regions) which depend on the doping of the graphene
and the electric field on the surface. Under the negative and positive gate bias
(Vtg = -1.5 V and +1.5 V), an increase on photocurrent is observed and a change in
the photocurrent sign on the active regions. This is expected due to the electrostatic
change in the Fermi level of the graphene.
Figure 6.2: (a) Photocurrent maps of the prototype graphene-bulk WS2 device. The
left part of the map contains the only graphene and the right is the heterostructure. Au
electrodes are shown in yellow. (b) Schematic of the graphene-bulk WS2 device.
In order to investigate the behaviour of the few-layer WS2-graphene device under
the gate bias, photocurrent measurements is performed at different gate voltages in
dark and light using 600 nm wavelength and 200 µW/cm2 power of light, see Figure
6.3a. The resistance of graphene increases when the light is on. The electron-hole
pairs split in the graphene-WS2 interface as the hole remains in the valence band of
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WS2 while the electron is transferred to graphene, see Figure 6.3b. An increase in
the resistance is due to the transfer of the electrons into the electrostatically hole
doped graphene where Vtg < Vdirac. The separation of charges is assisted by built-
in field and the formation of band bending at the interface. This photogeneration
mechanism corresponds to the photogating effect or photoconductive effect [2].
Figure 6.3: (a) Change in source-drain current (Ids) with modulation of the top gate
bias (Vtg) in dark (black curve) and under illumination (blue curve) of 640 nm and 200
µW/cm2 light. Source-drain voltage (Vsd) is 10 mV. (b) Schematic of the charge transfer
between graphene and few-layer WS2 when Vtg < 0. The negative charges are transferred
to graphene leading an increase in the resistivity. Mobile ions near the graphene surface
are ClO−4 .
The device performance is investigated for the different wavelengths of light.
The spectral responsivity of the heterostructure is defined as the photocurrent and
power of the light is measured with modulation of the wavelength of the light. To
obtain the responsivity, the photocurrent is divided by the optical power of the light
for each wavelength. The energy of the light is modulated from 1.8 eV (690 nm)
to 3.1 eV (400 nm) with a step of 0.004 eV (0.8 nm). The responsivity, as well as
photocurrent of the device, is measured as zero below 1.8 eV. The four main peaks
are observed at 1.92 eV, 2.06 eV, 2.36 eV and 2.97 eV, see Figure 6.4a. They are
fitted with the Gaussian function. These peaks are expected to be due to electronic
transitions in bands of the WS2.
The first peak at 1.92 eV belongs to the so-called A exciton transition [15].
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This peak arises due to the formation of electron-hole bound state with transitions
between the upper split of the valence band and the conduction band. The direct
band gap transitions from the valence to the conduction band (single-particle gap)
result in a peak at 2.06 eV, Eg [16]. This peak represents the electronic band
gap at K point, and it corresponds to the energy needed to tunnel an electron
and a hole into the WS2 [17]. The binding energy of the exciton is the difference
between the band gap transition energy and the A exciton energy which is 140
meV. For bulk and monolayer WS2, the binding energy is ∼ 50 meV and ∼ 300-
800 meV respectively [15, 18, 19]. The excitons with large binding energies can
contribute to the photocurrent under a large electric field [20]. The lower branch
of the valence band transitions can cause B exciton peak at 2.36 eV [21, 22]. The
spin-orbit splitting can be calculated from the difference between A and B exciton
energies as 440 meV which has been previously reported [23, 24]. The broad peak
at 2.97 eV corresponds to transitions between the density of states in the valence
and conduction bands. WS2 has strong light-matter interactions in the visible range
of optical spectrum [24]. The localized d orbitals of W atom in the valence band
results in high density of states at C peak [24]. A joint density of states peak around
this energy point has been reported in reference [24].
Figure 6.5a and b show the rise and fall time of the heterostructure. The black
dots are the measured data and the red line is the smoothed data. Blue and green
lines are the guides for before and after the light illumination. The dashed lines
correspond to 10% and 90% rise and fall in the signal and shaded region represents
the raising signal for both Figure 6.5a and b. The results show 2.8 ms rise time and
4.0 ms fall time.
Previous studies with TMDCs and quantum dots (QDs) have longer rise and fall
times due to the long-lived charge trapping and slow decay times with persistence
of the photocurrent [6, 25, 26]. This is characterised by a larger value of the dark
current after having illuminated the sample. To recover the initial value of dark
current, large gate pulses are applied. However, these heterostructure devices do
not show any persistence, and fall and rise times are much smaller than in previous
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Figure 6.4: (a) Spectral responsivity of graphene/few-layer WS2. Vtg = 0 V and Vsd = 10
mV. A, B and C exciton peaks can be observed as well as the direct band (single-particle)
gap peak, Eg. (b) Schematic of the transitions in A, B, C and Eg peaks.
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works. Using the top gate as an ionic polymer, the long-lived traps between WS2
and SiO2, which cause slow response times, can be screened [27].
Figure 6.5: (a) Rise and (b) fall time of graphene/few-layer WS2 under 640 nm illumi-
nation and 2 mW/cm2 optical power. Shaded areas represent the response rise and decay
interval. Ipc is the photocurrent.
Having characterised the response time of the device, the bandwidth can be
investigated. The signal drops down to 70% of its initial value are observed at 125
Hz which is called as cut-off frequency or -3 dB bandwidth, see Figure 6.6a.
Figure 6.6b shows responsivity and EQE of the device as a function of incident
optical power. The responsivity and EQE are calculated for each optical power
and plotted. The maximum value of the responsivity is found to be reaching up to
3× 105 A/W and the EQE is 6.2× 105%. This high responsivity can be explained
by the presence of a gain mechanism in which one charge carrier is in a trap state
in the WS2 and the other one circulates until they recombine [2]. The calculated
gain is ∼ 106 which is expected considering the achieved mobility and high carrier
concentrations with the polymer. Detectivity of the device can also be obtained
using the bandwidth, responsivity and area of the device as D∗ ∼ 1011 Jones which
is much higher than other graphene-TMDC photodetectors.
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Figure 6.6: (a) Change in the normalised photocurrent with modulation of light fre-
quency measured for two different optical power. The dashed line corresponds to the - 3
dB cut-off frequency which is ∼ 125 Hz. (b) Responsivity (black) and EQE (blue) of the
device respect to optical power. Vtg = -2.0 V and Vsd = 0.1 V.
6.4 Conclusion
Graphene-WS2 heterostructure devices have been electrically and optically charac-
terised. I have used this device as a photodetector and investigated the optical
mechanism and device performance. The dominant mechanism was the photogating
effect with high gain and responsivity which was approximately 106 A/W. The re-
sponse time and bandwidth of the heterostructure have been examined. The cut-off
frequency was 125 Hz and the rise and fall times were 2.8 ms and 4.0 ms. The
trap and defect states usually exist in SiO2 and at the interface between a TMDC
and the gate causing a persistent of photocurrent [6]. This limits the photocurrent
and the responsivity on these devices. Fast response times and large responsivity
were due to the small Debye length of top gate, the reduced trap and defect states
between the device and the gate with the ionic liquid and the photoconductive gain
mechanism of the WS2. The detectivity was ∼ 1011 Jones. This device with its
high responsivity and fast response times, it can be used in high frame rate video
applications.
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Chapter 7
Conclusion
7.1 Research implications and limitations
In this thesis, current-voltage characteristics of WS2 and graphene FETs were exper-
imentally investigated. Graphene was also used as a side gate, and leakage through
the insulator and the environment was discussed. Optoelectronic properties and per-
formance of ionic polymer gated graphene-WS2 heterostructure were demonstrated.
I have developed transport properties and applications of two-dimensional materials.
The first objective was to investigate transport properties of CVD grown WS2.
Metal contacts on CVD grown trilayer WS2 were fabricated. Schottky barrier be-
tween the semiconducting TMDC and metal caused resistances of tens of MΩ to GΩ.
The contact resistance conceals the electronic properties of WS2 and could result
in low mobility. With a voltage bias annealing in liquid helium, this resistance was
reduced at least an order of magnitude. This resistance was due to the difference in
the work function of the contact metal and the electron affinity of the WS2. Other
effects such as strong Fermi-level pinning and lattice mismatch could contribute to
this resistance.
Electrical transport in the leakage provided by graphene side gates was investi-
gated. Transport measurements of graphene in ambient conditions showed that the
graphene was p-doped and the minimum sheet resistance was ∼ 9 kΩ/. The side
gate leakage measurements in a vacuum chamber indicated two different transport
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mechanism. Frenkel-Poole transport was effective at low voltage bias (Vsg < 60 V)
which the carriers were transmitted by SiO2 trap states. However, with biases be-
tween 60 V and 70 V, the carriers were both transmitted by SiO2 and the vacuum
environment. This was explained by Fowler-Nordheim tunnelling.
Finally, the optoelectronic properties and photodetector applications of ionic
polymer gated graphene-TMDC heterostructure were presented. Ionic polymer gate
screened trap states and resulted in a clean interface between the gate and the
material. The photoresponsivity of this device could reach up to 106 A/W and the
response time was in the order of milliseconds. The photoconductive gain was ∼
106. Due to the high gain mechanism and reduced trap states at the interface of
the gate, high photoresponsivity and fast response times, 2.8 ms and 4.0 ms, were
achieved. This has been the first graphene-TMDC photodetector having such a high
responsivity, gain and fast response times at the same time.
7.2 Future work
Field-effect transistors based on two-dimensional materials and their heterostruc-
tures have been studied extensively. With their electrical and optical properties,
they have a potential to be used in future nanoelectronics. In order to improve
these devices;
 transport properties and mechanisms in the metal-TMDC contact interface
could be studied,
 the size of the depletion region, the Schottky barrier, the Fermi-level pinning
and gate voltage dependence need to be investigated,
 growth methods of the CVD TMDCs has to be improved to obtain clean,
impurity free surface and large area flakes,
 the interface between metal and the atomically thin materials could be im-
proved by future doping methods or phase changing methods [1–3],
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 the side gate transport properties at high voltage biases and the reason of the
degradation need to be understood,
 efficiency comparison between the ionic polymer gate and the back gate needs
to be performed,
 the back gate and the ionic polymer electric fields could be combined to in-
crease the optical responsivity in the hybrid devices,
 the role of charge trap states in the hybrid devices could be studied,
 the response time in graphene devices could be improved by the top gate and
bottom gate studies and increasing the mobility of the semiconductor.
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